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INTRODUCTION 


The  GCL/HPL'96  conference  was  held  on  the  Campus  of  Heriot-Watt  University,  in  Edinburgh,  UK,  in  the 
period  25-30  August  1996  and  was  organised  by  the  Physics  Department  of  the  University.  The  meeting 
combined  the  Eleventh  Gas  Flow  and  Chemical  Laser  Symposium  with  a  more  general  conference 
emphasising  all  high  average  power  lasers,  following  the  decision  by  the  GCL  International  Scientific 
Advisory  Committee  to  extend  the  scope  of  the  GCL  Symposia  to  include  solid  state  lasers.  Consequently, 
the  traditional  Symposium  abbreviation  of  GCL  has  been  modified  to  GCL/HPL,  reflecting  the  developing 
interest  of  the  community  in  all  types  of  high  average  power  lasers.  The  meeting  has  aimed  to  continue  in 
the  very  successful  tradition  of  previous  biennial  GCL  Symposia  held  over  the  past  twenty  years,  whilst 
welcoming  new  colleagues  from  the  widened  range  of  interest. 

The  GCL/HPL  '96  Symposium  has  focused  on  new  developments  in  fundamental  and  applied  research  in 
high  power  lasers,  high  power  beam  characteristics  and  manipulation  techniques,  and  laser/material 
interaction  processes.  It  continues  to  represent  a  major  international  forum  for  these  subject  areas.  The 
continuing  high  level  of  activity  in  laser  research,  combined  with  the  attractions  of  Edinburgh  and  Scotland 
as  a  conference  venue,  has  produced  a  full  and  high  quality  conference  programme,  with  approximately 
65%  more  papers  included  in  these  proceedings  than  for  the  previous  Tenth  GCL  Symposium  held  in  1994. 
The  Programme  Committee  had  great  difficulty  in  accommodating  the  large  number  of  good  quality 
contributed  papers  within  the  schedule,  and  resorted  to  the  use  of  parallel  presentations  for  a  short  section 
of  the  conference.  Nevertheless,  the  conference  maintained  its  reputation  for  ensuring  close  and  friendly 
contact  between  all  delegates,  with  the  help  of  the  substantial  social  programme. 

As  conference  organisers,  we  would  like  to  thank  the  delegates  for  attending  the  conference  and  submitting 
the  excellent  papers  contained  in  these  proceedings.  In  particular,  we  thank  our  colleagues  from  the 
Department  of  Physics  who  formed  the  Local  Organising  Committee  and  from  the  James  Watt  Conference 
Centre,  for  ensuring  the  smooth  running  and  success  of  the  conference.  Our  thanks  go  to  the  members  of 
the  Programme  Committee,  who  gave  up  their  time  for  reviewing  the  contributed  papers,  and  who 
maintained  the  high  scientific  standard  of  this  conference.  Finally  we  thank  the  sponsors  of  the  conference 
listed  on  the  front  cover  of  these  proceedings  for  their  financial  help  in  ensuring  the  success  of  the 
conference. 


Denis  R  Hall 
Conference  Chair 


Howard  J  Baker 
Programme  Chair 


1.  Keynote  Addresses 


Application  of  lasers  with  high  beam  quality  in  the  electronics  industry. 

Gerard  Notenboom 

Philips  Centre  for  Manufacturing  Technology 
P.  O.  Box  218 , 5600  MD  Eindhoven,  The  Netherlands 


ABSTRACT 

Laser  micro  processing  has  grown  to  a  mature  technology  at  many  places  in  the  electronics  industry. 
When  high  beam  quality  lasers  are  combined  with  dedicated  imaging  and  diffractive  optics,  excellent 
solution  s  can  be  offered  to  expand  the  field  of  applications.  Standardisation  of  laser  specifications  is 
necessary. 

Keywords:  laser  material  processing,  laser  micro  machining,  laser  labelling,  laser  decoration,  micro 
laser  welding,  laser  adjustment,  standardisation  of  laser  specifications. 


1.  INTRODUCTION 

Philips  Centre  for  Manufacturing  Technology  was  involved  in  Laser  Material  Processing  almost  from 
the  invention  of  the  C02-  and  Nd  YAG-lasers  in  the  early  sixties.  One  of  the  reasons,  the  electronic 
industry  was  one  of  the  first  users  of  this  technology  is  due  to  the  availability  ,  at  that  time,  of  only  low 
power  systems.  These  systems  are  still  most  frequently  used  in  this  kind  of  industry  ,  compared  to  the 
high  pov.'er  lasers  to-day  needed  in  e.  g.  the  automotive  industry. 

The  first  reason  to  ask  for  a  better  beam  quality  was  related  to  the  application  of  Nd  YAG  lasers  for 
micro  spot  welding,  still  the  most  important  application  in  the  electronics  industry. 

Generally,  in  production  there  was  a  need  for  smaller  spot  sizes,  combined  with,  for  practical  reasons,  a 
large  working  distance  and  depth  of  focus.  The  design  of  the  laser  resonators,  at  that  time,  only  enabled 

a  very  restricted  power  range  where  the 
system  could  meet  that  requirements. 
The  introduction  of  beam  handling 
systems  using  optical  fibres  and  beam 
splitters  to  serve  more  workstations 
with  only  one,  higher  powered,  laser 
head  was  an  extra  reason  to  ask  for 
improved  beam  quality.  300  W  lasers 
were  rather  flood  lights  and  couldn’t  be 
coupled  in  into  the  fibres,  when  using 
there  total  power  range.  This  problem 
was  solved  by  redesign  of  the  laser 
resonators 

Beam  splitters  used  in  these  beam 
handling  systems  are  diffractive  ones 


fig  1:  Nine  times  beam  splitter  for  a  Nd  YAG  laser  using 
diffractive  optics 
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thanks  to  the  insensibility  of  this  type  of  splitters  to  differences  in  polarisation,  depending  on  the  laser 
power  settings. 

An  example  of  a  nine  times  beam  splitter  is  shown  in  fig.l.The  convenience  of  the  beam  splitting  and 
flexibility  of  the  beam  handling  with  the  optical  fibres  is  however  paid  by  an  overall  efficiency  of  only 
60  %. 

Different  demands  on  beam  quality  and  beam  handling  will  be  mentioned  in  this  paper  related  to 
various  applications  of  the  technology. 


2.  LASER  MICRO  WELDING 

Laser  spot  welding  is  a  mature  technology  in  the  electronics  industry.  All  manufacturers  of  TV  tubes 
use  this  technology  for  the  assembly  of  the  electron  guns  as  shown  in  fig.  2.  More  than  one  hundred 
tiny  laser  welds,  applying  pulsed  Nd  YAG  lasers  and  fibre  optics  beam  delivery  systems,  are  used  to 

sub-assemble  the  cathodes,  the  electron 
optic  grids  and  lenses  and  finally  assemble 
the  gun.  This  product  is  a  typical  example 
of  how  laser  technology  generally  is 
introduced  in  industry. 

It  started  with  just  replacing  the  existing 
joining  technology,  resistance  welding,  for 
quality  reasons . 

The  weld  quality  improved  although  the 
parts  were  still  designed  for  the  old 
technology.  In  the  next  generations  of  this 
product,  the  design  of  the  various  parts  was 
better  fit  to  laser  joining  and  so  the 
accuracy  of  the  assembly  improved  too.  It 
can  be  stated  that  the  quality  of  modem  TV 
picture  tubes  could  not  be  realised  without 
laser  spot  welding.  The  weld  reject  number 

fig  2:  Laser  spot  welding  used  to  assemble  the  electron  gun  improved  from  0.1  %  for  resistance 

of  a  TV  tube  welding  to  only  20  ppm  for  laser  welding. 

Thin  metal  strips  are  often  used  to  connect 

the  various  parts  of  an  assembly.  When  fixed  with  only  one  spot  weld  ,  the  strength  on  torsion  load  is 
rather  low.  The  solution  is  to  fasten  them  with  two  welds  made  at  the  same  time  by  putting  a  beam 
splitter  element  in  the  out-coupling  optics  of  the  fibre  between  the  collimating-  and  focusing-lens. 
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welding  is  replacing  resistance  welding  and  micro 
gluing 


For  new  designed  products,  laser  spot 
welding  has  replaced  not  only  the 
resistance  welding  technology  but  also 
micro  gluing,  since  sensitivity  for 
humidity  of  this  technology  can  cause 
change  in  positioning  accuracy  during 
life  time.  An  example  is  shown  in  fig 
3.The  light  path  of  a  CD  player  is 
assembled  using  accurate  positioning, 
with  rather  expensive  tools,  and  micro 
laser  welding  .The  typical  positioning 
time  needed  is  about  10  sec,  after  fixation 
by  laser  and  removal  of  the  positioning 
tools,  taking  another  0.6  sec  the 
remaining  final  accuracy  is  about  3  pm. 
When  even  higher  accuracy  is  wanted 
another  new  technology  is  developed. 


3.  LASER  ADJUSTMENT 


Thermo-mechanical  stresses  induced  by  local  irradiation  of  laser  energy  allow  a  contact- free  accurate 

,r.- r.;, .  ~  r  _  manipulation  in  (sub-)micron 

i  dimensions  for  thin  sheet  metal  parts. 


Several  thermo-mechanical  mechanisms 
are  known  to  obtain  both  bending  and 
shortening  of  a  part  of  the  product.  This 
part  of  the  product  acts  as  an  actuator. 

In  fig.4  is  shown  how  this  technology  is 
used  to  accurate  position  the  carrier  for 
the  audio  head  of  a  DCC  player.  The 
special  construction  of  the  metal  carrier 
allows  an  accurate  adjustment  of  two 


important  degrees  of  freedom  of  the  chip 


:  the  track-height  and  the  azimuth  of  thin 


fig  4:  Laser  micro  adjustment,  to  accurate  position  the 
carrier  for  the  audio  head  of  a  DCC  player. 


film  heads.  The  carrier  fulfils  the 
function  of  an  actuator  for  fine 
adjustment  of  the  audio  chip.  If  the  parts 


L,  R,  and  M  are  irradiated  by  short 
intense  laser  pulses,  the  lengths  of  these  parts  change,  the  parts  become  shorter  by  a  few  microns. 
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Laser  heating  at  M  results  in  a  head  movement  downwards  with  a  few  microns  ( track-height ),  heating 
at  L  rotates  the  head  clockwise  with  a  few  milli-radians  (  azimuth  )  and  heating  at  R  rotates  the  head 
counter  clockwise  with  a  few  milli-radians  (azimuth) 

With  this  technology,  having  an  actuator  on  board,  being  a  part  of  the  product,  only  “rough” 
positioning  of  the  parts  using  simple  tools,  typically  will  only  take  1  sec.  Fixation  (laser  welding)  and 
removal  of  the  tools  will  take  again  0.6  sec.  Laser  manipulation,  using  a  closed  loop  system  and 
computer  vision,  finally  results  in  an  accuracy  of  only  0.3  pm,  taking  0.5  -  1  sec..  Compared  to  the 
above  mentioned  assembling  procedure,  the  processing  time  is  reduced  with  almost  80  %  and  the  final 
accuracy  achieved  is  ten  times  better. 

With  respect  to  the  laser  system  used  it  is  clear  that  beam  handling,  using  optical  fibres  and  or  a 
controllable  galvo  mirror  system  is  a  prerequisite  for  an  industrial  application. 


4.  LASER  LABELLING  AND  DECORATION 

Laser  marking  is  another  mature  technology  in  the  electronics  industry.  The  advantages,  of  course, 
always  deal  with  the  flexibility  of  the  technology,  to  put  unique  information  on  every  product  in  a  flow 
line  mass  production,  to  characterise  sub-assemblies,  to  be  able  to  trace  production  equipment  and  date 
for  quality  inspection.  Another  reason  to  mark  parts  is  an  environmental  one.  By  coding  parts  with 
information  about  the  material  composition,  it  is  possible,  when  recycling  products  at  the  end  of  their 
life  time,  automatically  to  read  out  that  information. 

When  marking  plastic  parts,  typically  two  type  of  processes  occur.  On  light  coloured  surfaces,  local 
carbonisation,  gives  rise  to  a  dark  contrast,  while  on  dark  surfaces,  a  foaming  effect  results  in  a  white 

Lasers  commonly  used  for  this 
application  are,  Nd  YAG,  COj  and 
Excimer,  while  the  two 
technologies  used  are,  mask 
imaging  and  direct  writing  via 
software  controlled  X-Y  galvo 
mirrors. 

When  the  latest  solution  is 
combined  with  fibre  optics  and  an 
optical  multiplexing  system,  it  is 
possible  to  serve  more  production 
lines  with  only  one  laser,  as  shown 
in  an  artists  impression  in  fig  5. 

In  this  technology  there  is  a  need 
for  lasers  with  a  shorter  pulse  length 
fig  5:  Laser  marking  system  to  serve  several  work  stations  with  and  an  improved  beam  quality 
one  laser  head.  compared  with  the  conventional 

used,  lamp  pumped,  Q  switched  Nd 
YAG  lasers,  to  minimise  the  surface  damage  and  to  enhance  the  resolution  of  the  graphics.  On  the  short 
term  diode  pumped  Nd  YAG  lasers  will  replace  the  lamp  pumped  ones.  An  even  better  solution  will  be 
the  availability  of  the  Vanadate  laser  that  combines  good  beam  quality  and  a  shorter  pulse  length  with  a 
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higher  pulse  frequency.  When  at  the  same  time  faster  galvo  mirror  systems  become  available,  the  total 
processing  time  of  laser  marking  can  shorten  ,  what  certainly  will  lead  to  more  application  of  the 
technology. 

The  activities  mentioned  up  till  now  are  mainly  dealing  with  putting  information  on  part  or  product. 
Changing  colours  in  polymer  surfaces  is  called  laser  decoration  and  is  caused  by  the  bleaching  of 
pigments  in  a  multi-pigmented,  coloured  surface.  Bleaching  of  the  pigments  is  depending  on  the  laser 
wavelength  used.  In  a  Brite  Euram  programme  plastic  materials  are  pigmented  enabling  to  write  blue, 
green  and  red  in  a  grey  coloured  surface,  applying  wavelengths  of  respectively  450,  550  and  650  nm. 

To  that  aim  an  OPO  laser  was  used,  offering  the  possibility  of  multi-wavelength  tuning.  Still  work  have 
to  be  done  to  enhance  the  contrast  of  the  colours.  The  laser  used  was  a  typical  laboratory  system,  and 
needs  to  be  developed  to  an  industrial  one.  Another  problem  to  be  solved  is  the  vulnerability  of  the 
multi-wavelength  applied  optics.  Apart  from  these  hardware  problems,  a  dedicated  software 
development  is  necessary  to  design  the  algorithms  to  fill  in  the  graphics,  most  economically. 

The  laser  decoration  technology  competes  with  pad-  and  inkjet-  printing,  having  the  advantage  of  being 
more  flexible  than  pad  printing,  better  reliable  than  inkjet  printing  and  more  environmental  friendly 
than  both  conventional  technologies. 


5.  LASER  MICRO  MACHINING  OF  METALS 


In  the  electronics  industry  their  is  a  need  for  contact  less  micro  machining  of  parts  in  a  miniaturising 
world.  The  smaller  the  parts,  quit  often,  the  higher  the  accuracy  in  the  dimensions  and  so  the  lesser  the 
deformation,  due  to  the  forces  of  the  tools  used  to  remove  material,  accepted.  Laser  micro  machining 
possibly  can  offer  a  solution  for  this  problem.  Up  till  now,  not  many  industrial  applications  are  known, 
used  in  mass  manufacturing.  For  tool  making,  at  that  time,  the  company  Maho  was  the  first  to 
introduce  a  C02  laser  system  for  a  technology  they  called  laser  caving.  Material  is  removed  by  locally 
irradiating  a  metal  part  in  an  oxygen  environment,  resulting  in  the  formation  of  oxidised  chips. 

Although  the  removal  rate  of  this 
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fig  6:  Ablation  efficiency  of  micro  machining  on  stainless  steel, 
using  a  Q  switched Nd  YAG  laser. 


technology  is  rather  high,  the 
resulting  surface  quality  is  not  good 
enough  for  most  of  the  applications 
in  the  electronics  industry.  On 
various  places  there  are 
developments  to  use  pulsed  Nd 
YAG  lasers,  with  a  typical  pulse 
length  between  0.1  and  2  ms,  for 
laser  micro  milling.  Mostly  in  a  set 
up  aimed  for  rapid  prototyping.  A 
surface  roughness  can  be  achieved 
of  just  a  few  microns,  but  with  the 
disadvantage  of  a  very  slow  milling 
speed,  because  this  can  only  be 
realised  by  mainly  evaporation  of 
the  metal  surface.  In  the  electronics 
industry,  small  and  tiny  metal  parts 
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such  as  springs  and  holes  and  slots  in  grids  for  a  TV  gun  have  to  be  accurately  shaped.  These  parts 
have  in  common,  a  very  small  heat  capacity  and  a  very  small  amount  of  material  to  be  removed, 
typically  0.1  mm^ 

For  these  applications,  a  pulse  length  of  only  0.1  ms  is  already  to  long  because,  as  a  result  of  the  energy 
density  required  to  ablate  the  metal,  the  heat  losses  will  result  in  undesired  melting  and  therefore 
deformation  of  the  rims  to  be  shaped.  It  has  been  demonstrated  that  Q-  switched  Nd  YAG  lasers  with  a 
pulse  length  of  100  to  200  nm  are  better  suited.  In  fig  6  is  shown  the  ablation  efficiency  in  mm3/KJ 
against  the  fluency  in  J/cm^  for  four  different  spot  sizes  and  on  stainless  steel  material.  It  turned  out 
that  this  relation  is  the  same  for  both  pulsed  and  Q-  switched  Nd  YAG  lasers.  The  dependency  of  the 
spot  size  can  be  explained  from  smaller  heat  losses  with  decreasing  spot  dimensions,  while  saturation 
occurs,  when  plume  absorption  starts. 

The  heat  effected  zone  in  the,  in  this  way  shaped,  part  is  very  small.  Depth  control  during  processing  is 
a  must  to  achieve  a  depth  accuracy  better  than  one  micron. 

One  possible  way  is  to  use  the  so  called  PLIM  method.  Between  the  start  of  the  laser  pulse  and  the  start 
of  the  plume  there  is  some  time  delay,  called  the  PLume  Initiation  tiMe.  The  length  of  this  period 
depends,  among  others,  on  the  energy  density  in  the  laser  spot.  When  material  is  ablated  with  the  laser 
focus  just  above  the  surface,  the  remaining  surface  has  got  some  depth  compared  to  the  initial  situation. 
The  next  pulse  will  have  a  slightly  larger  spot  size  which  results  in  a  lower  energy  density  and  a  longer 
plum  initiation  time,  which  can  be  measured.  This  method  can  be  used,  by  a  control  of  the  final  lens 
position,  to  keep  the  surface  in  focus  and  by  measuring  the  displacement,  offers  a  control  of  the  laser 
machined  depth. 

It  must  be  clear  that  an  excellent  pulse  to  pulse  stability  of  the  machining  laser  is  a  prerequisite, 
although  generally  not  the  best  property  of  a  standard  Q-  switched  Nd  YAG  laser.  Diode  pumped  lasers 
will  be  better  suited  to  that  aim  offering  at  the  same  time  a  better  beam  quality.  Another  possibly  even 
better  solution  will  perhaps  be  the  development  of  a  laser  system  using  a  phase  conjugated  mirror. 
Frequency  doubling  of  this  type  of  solid  state  lasers  or  employing  lasers  which  normally  already  have  a 
shorter  wave  length  like  Copper  Vapour  lasers,  will  increase  the  “  sharpness  of  the  machining  tool”. 
Finally  the  quality  of  the  laser  machining  system  is,  apart  from  the  quality  of  the  laser  itself,  as  good  as 
the  optical  system  chosen. 

The  definition  of  good,  better,  best,  talking  about  laser  parameters  wanted,  will  be  the  last  topic  of  this 
paper. 


6.  STANDARDISATION  OF  LASER  SPECIFICATIONS 

In  industry,  quit  often,  a  laser  system  intended  for  material  processing,  is  ordered  from  a  manufacturer 
based  upon  experiments  carried  out  by  an  own  laser  department,  an  laser  institute  or  at  the  application 
laboratory  of  the  manufacturer.  At  the  acceptance  of  the  system,  the  laser  manufacturer,  or  a  system 
house  involved,  has  to  prove  that  the  laser  system  is  able  to  carry  out  the  laser  process  aimed  for  within 
the  tolerances  asked  for.  The  customer  more  or  less  ask  from  the  manufacturer  a  process  guarantee. 
From  experience  is  known  that,  in  production,  sooner  or  later  and  due  to  various  reasons,  the  part 
geometry  and  or  composition  of  the  material  will  slightly  chance.  The  result  can  be,  failure  of  the  laser 
process  and  who  will  be  blamed  for? 

From  a  customer  point  of  view,  one  will  be  able  to  select  not  only  the  best  but  also  the  most 
economical  laser  system  and  therefore  like  to  have  offers  from  more  than  one  manufacturer.  When  the 
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process  is  still  confidential  it  is  not  necessary  to  share  this  information  with  manufacturers  that  finally 
not  will  deliver  the  laser  system,  when  it  is  possible  to  translate,  process  parameters  in  laser  parameters. 

It  is  therefore  recommended  to  specify 
the  laser  parameters  needed  in  a  process 
window  that  will  tolerate  an  acceptable 
production  process,  rather  than  the 
process  itself  In  the  ideal  situation  the 
laser  manufacturer  is  able  to  supply  all 
relevant  parameters  and  measuring 
equipment  can  be  installed  on  the 
production  machine  to  have  an  on  line 
control  of  all  of  them.  The  problem  i 
that  the  influencing  parameters  not 
always  directly  can  be  measured  and  if,  it 
is  often  a  very  time  consuming 
procedure. 

Only  for  COj  lasers,  most  of  them  can  be 
measured  since  equipment  is  in  the 
market  now,  see  fig  7. 

The  resulting  problems  still  are:  The 
recently  released  ISO  standards  and  draft 
standards  on  measuring  principles  are  not 
commonly  known  and  accepted, 
equipment  is  not  available  for  all  types  of 
lasers  and  equipment  available  is  not  fast 
and  accurate  enough.  An  acceptance  test 
for  a  new  laser  system  must  only  last  three  hours,  rather  than  three  days.  Finally  and  related  to  the 
demand  for  Total  Quality  Management  in  high  tech  production  centres,  calibration  of  the  measuring 
equipment  has  to  be  done  from  official  qualified  calibration  laboratories,  not  yet  available. 


Metrology  of  Laser  Beam  Parameters 


Laser  Power: 

0  time  average 

0  time  resolved 


Beam  Diameter 
0  raw  beam 


calorimeter  (for  example 
Prometec  Lasermeter) 
pyrodetector  time  constant  lOps 
with  beam  splitter  or  at  back 
mirror  (for  example  Weidmueller 
FLPM) 


beam  scanner  (for  example 
Prometec  UFFIOO) 

0  focused  beam  ref.  optic  and  beam  scanner  (for 
example  Zeiss  parabola  optic  £300 
and  Prometec  UFFIOO) 

0  divergence  and  Rayleigh  length  are  calculated  from 
measured  beam  diameters  along 
beam  propagation 


Polarisation: 

0  time  averaged 


polarisation  analyser  and  power 
meter 


fig  7:  Metrology-  of  a  CO2  laser  system 


7.CONCLUSION 


In  the  electronics  industry,  laser  material  processing  is  a  mature  technology  for  many  applications. 
However  in  a  miniaturising  world,  there  is  a  strong  demand  for  lasers  with  an  excellent :  beam  quality, 
stability  and  reliability,  to  be  solved  by  an  improved  design  and  new  pumping  sources. 

New  laser  types  are  developed  but  not  yet  industrial  available.  Industrial  laser  systems  have  to  be 
offered  with  all  relevant  specifications  measured  with  standardised  measuring  principles  accepted  by 
all  manufacturers.  The  equipment  enabling  this  must  be  fast  enough,  to  be  used  in  on  line  process 
control. 
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ABSTRACT 

The  beam  quality  of  conventional  flash  lamp  pumped  laser  rod  systems  is  improved  by  using  phase  conjugating  mirrors 
based  on  stimulated  Brillouin  scattering  (SBS).  Pulsed  multi  amplifier  set-ups  with  SBS  were  investigated.  NdiYALO  as 
active  medium  was  used  to  avoid  stress  birefringence.  In  case  of  serial  arrangements  an  optimised  optical  system  between  the 
individual  rods  is  used  to  achieve  high  efficiency  independent  of  thermal  lensing.  With  a  two  amplifier  system  an  average 
output  power  of  1  Watt  up  to  2 1 0  Watt  in  a  near  diffraction  limited  beam  was  realised.  In  case  of  parallel  arrangements  phase 
coupling  of  the  individual  beams  was  achieved  using  a  common  SBS-cell  after  the  first  amplifier  pass.  Instead  of  a  Brillouin- 
cell  a  fibre  phase-conjugator  can  be  used  to  reduce  the  power  threshold  down  to  6  kW.  An  average  output  power  of  35  Watt 
from  a  pulsed  MOPA-system  with  such  a  phase-conjugator  could  be  obtained.  As  applications  high  power  second  harmonic 
generation  and  applications  in  materials  processing  were  realised. 

Keywords:  Phase  conjugation,  stimulated  Brillouin  scattering,  high  power  solid-state  laser,  MOPA-system,  high  beam 
quality,  Nd:YALO,  fibre  phase-conjugator,  high  average  power  SHG 

1.  INTRODUCTION 

Laser  applications  in  industry  and  science  often  require  good  beam  quality  at  high  average  output  power.  The  brightness 
of  the  beam,  an  important  value  for  applications,  depends  linearly  on  the  output  power  but  increases  quadratically  with  the 
beam  quality. 

In  conventional  solid-state  MOPA-systems  (master  oscillator  power  amplifier)  the  oscillator  beam  with  high  beam  quality 
cannot  be  amplified  without  degradation  due  to  thermal  lensing  and  stress  birefiingence.^  Such  problems  can  be  reduced 
using  diode-pumping  or  slab  laser  crystals,  but  for  average  output  powers  up  to  several  100  W  the  costs  are  still  too  high,  A 
less  expensive  possibility  to  improve  the  beam  quality  of  conventional  laser  systems  is  to  utilise  self  pumped  phase 
conjugation  by  stimulated  Brillouin  scattering  in  liquids,  gases  or  solids.  Most  SBS-systems  are  using  Nd:YAG  as  active 
medium  because  high  quality  crystals  are  readily  available.  Due  to  the  thermally  induced  stress  birefringence  the  Nd:YAG 
MOPA-schemes  with  SBS-mirror  become  complex.  To  avoid  such  problems  we  developed  MOPA-systems  based  on 
NdiYALO-rods."^’^  YALO  shows  no  stress  birefiingence,  but  it  has  the  same  efficiency  like  NdiYAG  so  that  simpler  laser 
systems  are  possible. 


2.  MOPA  SET-UPS  WITH  SBS-MIRROR 

In  order  to  achieve  average  output  powers  of  several  100  Watt,  different  arrangements  of  amplifiers  were  realised.  Fig.  1 
shows  the  principal  set-ups.  The  beam  from  the  master  oscillator  is  coupled  into  the  amplifier  by  a  polarizer,  is  than  phase 
conjugated  and  passes  back.  Beam  distortions  due  to  phase  distortions  are  compensated  independent  of  the  amplifier  pump 
power.  Therefore  the  amplified  beam  shows  nearly  the  same  beam  quality  as  the  oscillator  beam. 


Fig.  la.  Serial  amplifier  arrangement  with  SBS-mirror.  Fig.  lb.  Parallel  arrangement  with  common  SBS-cell. 
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A  serial  arrangement  of  amplifiers  has  the  advantage  of  high  efficiency,  but  some  design  problems  have  to  be  considered 
2. 1 .  Serial  coupling  of  amplifiers 

Due  to  the  variation  of  the  beam  diameter  behind  the  first  amplifier  rod,  the  extraction  efficiency  of  the  following 
amplifiers  decreases  with  thermal  lensing.  There  is  also  the  risk  to  damage  optical  components  inside  the  amplifier  chain.  To 
vary  the  average  pump  power,  defocused  telescopes  can  be  inserted  between  the  amplifier  rods  (see  Fig.  2),  n  is  the  refractive 
index,  L  is  the  amplifier  length  and  T  is  the  propagation  constant  of  the  quadratic  index  distribution  in  the  rods. 


Fig.  2.  Parameters  of  the  optical  system  for  a  four  amplifier  system. 
The  optimised  optical  system  can  be  calculated  as  follows^  where  d  can  be  chosen  in  a  free  way: 


(l-cos(roL))  , 

F  = - +  d 

nr„  sin(r„L) 

(1) 

x  =  2F-F'nsin(roL)ro 

(2) 

To  achieve  the  largest  possible  range  for  the  propagation  constant,  T  at  the  maximum  pumping  power  is  set  as  the  limit 
Ft.  Then  Fq  is  determined  by  equation  (3),  where  N  is  the  number  of  amplifier  rods,  Wq  the  beam  radius  at  the  entrance  of  the 
first  rod  and  wt  the  maximum  possible  beam  radius  inside  each  rod.  The  lower  limit  for  the  propagation  constant  is  then 
determined  by  equation  (4),  where  is  the  lowest  possible  beam  diameter  at  the  entrance  of  each  rod. 
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w. 
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Fig.  3  shows  the  calculated  beam  propagation  for  a  system  of  four  amplifiers  including  the  phase  conjugating  SBS-cell. 
The  average  pump  power  varies  from  1 .5  kW  up  to  1 0  kW  for  each  amplifier  rod. 


Fig.  3.  Calculated  beam  propagation  for  different  propagation  constants  F  in  a  four  amplifier  system  with  SBS. 
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2.2.  Astigmatism  of  thermal  lensing 

At  high  average  pump  power  amplifier  crystals  show  two  focal  lines  due  to  the  aberrations  of  thermal  lensing.  In  case  of 
Nd:YAG  stress  birefringence  leads  to  a  difference  in  the  focal  lengths  for  radial  and  azimuthal  polarised  light.  In  case  of 
NdiYALO  the  anisotropic  crystal  properties  lead  to  an  astigmatism  of  the  amplified  beam.  The  focal  lengths  differ  about  7  % 
for  an  average  pump  power  of  8  kW.  This  astigmatic  beam  propagation  does  not  affect  strongly  the  extraction  efficiency  of 
the  amplifier  rods  (see  Fig.  4a),  but  inside  the  SBS-cell  the  intensity  distribution  shows  two  flat  intensity  peaks  resulting  in 
low  SBS-reflectivity. 


with 

compensation 

_ 1 

without 

compensation 

(xlO) 

1 _ jC_ 

1 . . _ — 

165,0  165,5  166,0  166,5  167,0 
Propagation  axis  /  cm 


Fig.  4a.  Calculated  astigmatic  beam  radius  envelope  through  a  system  of  four 
amplifiers  (A1  to  A4). 


Fig.  4b.  Intensity  distribution  inside  the 
SBS-cell  with  and  without  compensation. 


To  compensate  the  astigmatism  one  half  of  the  amplifier  rods  can  be  rotated  by  90°.  Due  to  the  anisotropic  gain  of 
Nd:YALO  an  additional  half  wave  plate  has  to  be  inserted  to  rotate  the  polarisation  direction  by  90°,  too. 


2.3.  Performance  of  a  serial  dual  amplifier  system 

The  amplifier  crystals  are  NdrYALO  rods  with  a  dimension  of  9.5  mm  x  152  mm.  The  total  average  pump  power  for  both 
amplifiers  is  18  kW  with  a  flash  duration  of  about  130  ps  and  100  Hz  repetition  rate.  Diffuse  reflecting  pump  chambers  were 
used  in  combination  with  cerium  doped  flow  tubes  to  protect  the  YALO  crystals  against  colour  centre  formation.  The  SBS- 
cell  consists  of  a  glass  tube  filled  with  carbon  disulphide  (CS2). 


The  average  output  power  of  the  system  is  tuneable  fi*om  1  Watt  up  to  211  Watt  in  a  near  diffraction  limited  beam  (see 
Fig.  5a).  To  increase  the  average  output  power  the  master  oscillator  was  also  driven  in  a  TEMoo-TEMoi  mixed  mode.  The 
beam  diameter  is  constant  within  a  maximum  deviation  of  12  %. 


Fig.  5a.  Measured  average  output  power  of  a  two  amplifier 
system  with  SBS-mirror. 


Fig.  5b.  Beam  profiles  measured  in  a  distance  of  2.5  m. 
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2.4.  Parallel  arrangement  of  amplifiers  with  SBS-cell 

The  number  of  amplifiers  and  therefore  the  average  output  power,  delivered  from  a  serial  arrangement,  is  limited.  Parallel 
arrangements  of  amplifiers  in  conjunction  with  phase  coupling  by  an  SBS-cell  are  expected  to  achieve  higher  output  powers 
up  to  the  kW-range  with  high  beam  quality.  In  case  of  individual  SBS-mirrors  for  each  amplified  beam,  the  phases  between 
the  beams  fluctuate  from  shot  to  shot  after  reflection  due  to  the  non  determined  phase  of  the  scattering  sound  wave.  Therefore 
beam  combination  becomes  difficult.  However,  using  only  one  SBS-cell  the  beams  build  a  common  SBS-mirror  and  their 
reflected  phases  are  coupled. 

A  set-up  with  two  amplifier  rods  was  realised  delivering  a  preliminary  average  output  power  up  to  50  Watt.  To 
demonstrate  the  phase  coupling  the  two  amplified  beams  delivered  from  each  amplifier  rod  after  the  second  pass  were 
interfered  enclosing  a  small  angle.  Fig.  6  shows  the  interference  pattern  averaged  over  70  shots  using  separate  SBS-cells  and 
a  common  SBS-cell.  In  case  of  separate  SBS-cells  the  phase  between  the  beams  fluctuate  from  shot  to  shot  resulting  in  a  time 
dependent  shift  of  the  interference  pattern.  Therefore  the  interference  contrast  is  reduced.  A  common  SBS-mirror  results  in  a 
stable  interference  pattern  indicating  phase  coupling  of  the  two  beams. 


Fig.  6.  Measured  time  average  interference  pattern  of  the  individual  beams  after  the  second  amplifier  pass  with  individual 

SBS-cells  (left  picture)  and  a  common  SBS-cell  (right  picture). 

3.  MQPA-SYSTEM  WITH  FIBRE  PHASE-CONJUGATOR 

For  cw-pumped  MOPA-systems  with  high  repetition  rate  above  10  kHz  the  SBS-threshold  has  to  be  decreased  down  to 
about  1  kW.  For  this  purpose,  we  investigated  quartz  fibres  exhibiting  a  great  interaction  length.^  With  a  multi  mode  fibre 
the  threshold  power  for  SBS  has  been  reduced  already  down  to  6  kW.  Due  to  light  guiding  by  the  fibre  the  threshold  power 
and  therefore  the  energy  reflectivity  becomes  nearly  independent  of  the  beam  quality  (see  Tab.  1),  whereas  the  reflectivity  of 
a  Brillouin-cell  with  focusing  geometry  decreases  with  lower  beam  quality. 


Setup 

Energy  reflectivity 
[%] 

Threshold 
power  [kW] 

Fidelity  [%] 

200  pm  Fiber 
and  M2=1.0 

50 

17 

90 

200  jum  Fiber 
and  M^=10 

34 

24 

80 

CSjand  M==1.0 

70 

13 

CSj  and  M^=10 

5 

77 

Tab.  1 .  Comparison  of  Energy  reflectivity,  threshold  power  and  fidelity  for  the  fibre  phase-conjugator  and  a  Brillouin-cell 

filled  with  carbon  disulphide. 

The  fibres  were  tested  as  phase  conjugating  elements  in  a  pulsed  MOPA-system  with  2  kHz  average  repetition  rate 
(Fig.  7).  Due  to  thermal  lensing  of  the  amplifier,  the  beam  diameter  and  the  astigmatism  after  the  first  amplifier  pass  depends 
on  the  average  pump  power.  Therefore  an  optical  system  between  the  amplifier  rod  and  the  fibre  entrance  was  developed  to 
couple  all  the  amplified  beam  energy  into  the  fibre  core,  independent  of  the  amplifier  pump  power.  An  average  output  power 


up  to  35  W  could  be  obtained  after  the  double  pass.  Thus,  the  fibre  phase-conjugator  seems  to  be  an  interesting  alternative  to 
toxic  liquids  such  as  CS2  or  gases  under  high  pressure. 


Master-Oscillator 


Fig.  7  a.  Pulsed  MOP  A- system  with  fibre  phase-conjugator. 


Fig.  7b.  Measured  average  output  power. 


4.  APPLICATIONS 

4.1.  Frequency  doubling 

High  average  power  solid-state  lasers  for  the  visible  range  are  of  great  importance  for  industrial  applications.  In  the  field 
of  materials  applications  high  cutting  speed  with  low  thickness  of  sections  are  required.  Therefore  kHz  pulse  repetition  rates 
with  average  output  powers  of  several  ten  Watt  in  conjunction  with  high  beam  quality  are  required.  Solid-state  lasers  with 
phase  conjugation  are  the  best  choice  for  SHG  due  to  the  high  beam  quality  at  high  average  output  power. 

High  average  power  SHG  requires  a  special  analysis  of  the  set-up.  Due  to  the  absorption  of  non-linear  crystals  in  the 
visible  the  non-linear  crystal  has  to  be  stabilised  thermally.  Each  average  output  power  results  in  a  different  temperature 
distribution  inside  the  crystal.  KTP  was  used  due  to  its  high  non-linear  coefficient  and  large  temperature  acceptance.  The 
dimensions  of  the  crystal  were  5x5  mm  aperture  and  1 2  mm  length.  Type  II  phase-matching  was  used  at  a  wavelength  of 
1080  nm.  The  maximum  peak  intensity  was  15  MWcm"^  and  the  beam  diameter  was  1.75  mm.  Fig.  8  shows  the  measured 
average  output  power  of  the  second  harmonic  vs.  the  average  input  power  of  the  fundamental  wave.  Due  to  a  damage 
threshold  of  about  some  100  MWcm'^  conversion  efficiencies  above  50%  can  be  expected. 


Average  input  power  of  fundamental  wave  /  W 


Fig.  8.  Measured  average  output  power  at  540  nm  vs.  the  used  input  power  at  1080  nm 

Due  to  the  constant  input  beam  diameter  in  fi*ont  of  the  non-linear  crystal  the  visible  output  beam  shows  no  changes  of  the 
beam  diameter  (Fig.  9). 
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Fig.  9.  Measured  beam  profiles  at  540  n*  "br  different  average  power. 


4.2.  Materials  processing 

Fast  drilling  and  cutting  in  the  micrometer  range  with  high  precision  and  aspect  ratio  has  been  demonstrated  with  the 
described  laser  system'^  For  a  given  material  thickness  diffraction  limited  beams  produce  the  smallest  possible  bores  with 
low  variations  of  the  beam  diameter  along  the  material.  To  demonstrate  the  beam  quality  small  holes  were  realised  with  one 
laser  shot.  Fig.  10a  shows  an  example  of  a  bore  exit  in  aluminium.  Fig.  10b  shows  a  cutting  kerf  with  a  width  of  28  fim  in  a 
ceramic  with  1.1  mm  thickness  corresponding  to  an  aspect  ratio  of  1:39. 


Fig.  10a.  Bore  in  aluminium  (thickness  100  pm, 
diameter  6  pm). 


1.1  mm 

Fig.  10b.  Cutting  kerf  in  ceramics. 
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2.  Solid  State  Lasers  I 


High  Average  Power  Diode-Pumped  Solid-State  Lasers 

Camille  Bibeau,  Ray  Beach,  Eric  Honea,  Chris  Marshall,  Steve  Sutton,  Mark  Emanuel,  Jay  Skidmore,  and  Steve  Payne 

Lawrence  Livermore  National  Laboratory, 

PO  Box  808,  L-441,  Livermore,  CA  94550,  USA 
Tel:  (510)  422-7798,  Fax:  (510)  423-6195,  Email:  bibeaul@llnl.gov 

The  combination  of  our  unique  capabilities  at  LLNL  in  diode  development,  crystal  growth,  and  system  designs  have 
allowed  us  to  pursue  a  variety  of  research  areas  of  interest  to  the  commercial,  medical,  and  defense  industries.  We  have 
developed  a  flexible  diode  pumping  technology  which  utilizes  low  cost  silicon  microchannel  coolers  to  enable  high 
average  power  diode  operation  and  a  shaped  cylindrical  microlens  technology  which  allows  the  radiance  conditioning 
of  large  two-dimensional  laser  diode  arrays.  The  flexibility  that  this  diode  technology  has  brought  to  pump  power 
generation  in  both  average  power  and  radiance  have  broadly  expanded  the  number  of  ion-host  combinations  that  can  be 
efficiently  excited  and  used  in  diode  pumped  solid  state  lasers. 

Many  potential  applications  in  the  area  of  materials  processing  motivate  the  development  of  efficient,  compact  cw  1  pm 
lasers  systems  with  operational  lifetimes  capable  of  exceeding  thousands  of  hours.  Yb-doped  laser  hosts  offer 
spectroscopic  and  laser  properties  that  make  them  promising  candidates  for  high  average  power  1  pm  laser  systems.  In 
particular,  Yb:YAG  has  a  long  storage  lifetime  of  951  psec  and  a  very  low  quantum  defect  resulting  in  less  heat 
generation  during  lasing  than  comparable  Nd  based  systems.  Using  a  scaleable  diode  end-pumping  technology 
developed  at  LLNL  we  have  built  and  demonstrated  a  Yb.  YAG  system  capable  of  delivering  over  155  W  of  cw  power 
and  up  to  100  W  of  Q-switched  power  at  multi-kHz  repetition  rates. 

We  have  also  developed  a  Tm:YAG  laser  and  demonstrated  up  to  115  W  cw  at  2.01  pm.  There  are  many  practical 
medical  and  defense  applications  for  the  2  pm  light  produced  by  this  system  as  a  result  of  it  being  strongly  absorbed  by 
water  and  also  because  it  is  an  ‘eye-safe’  wavelength.  To  allow  average  power  scaling  of  the  Tm:YAG  laser,  we  wing- 
pump  the  Tm  off  of  the  main  absorption  feature  This  technique  is  highly  effective  at  creating  sufficient  population 
inversions  to  overcome  ground  state  reabsorption  while  at  the  same  time  allowing  the  pump  to  penetrate  deeply  enough 
into  the  rod  that  the  resulting  thermal  load  becomes  manageable.  Improvements  and  performance  data  from  both  the 
Yb:YAG  and  Tm:YAG  systems  will  be  further  discussed  in  the  presentation. 

In  addition  to  the  systems  above  we  have  also  been  working  towards  developing  a  laser  system  using  Yb-doped 
Sr5{P04)3F  or  Yb:S-FAP  which  is  capable  of  scaling  to  1  kilojoule  of  energy  at  a  10  Hz  repetition  rate.  Several  small 
scale  demonstrations  with  Yb:S-FAP  have  been  made  to  measure  laser  performance  and  gas  face-cooling  concepts. 
This  gain  medium  was  chosen  since  it  is  well  suited  for  low  to  medium  average  power  applications  that  are  sensitive  to 
overall  system  efficiencies.  Performance  data  and  future  plans  for  an  advanced  experimental  facility  will  be  further 
discussed  in  the  presentation. 

This  work  was  performed  under  the  auspices  of  the  US  Department  of  Energy  by  Lawrence  Livermore  National 
Laboratory’  under  contract  W-7405-Eng-48. 
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Design  and  industrial  applications  of  high-power  diode-lasers 
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Abstract 

Developments  concerning  high-power  diode  lasers,  optical  systems  for  beam  shaping  and  superposition  and  complete  systems 
for  direct  materials  processing  will  be  discussed,  along  with  examples  of  their  industrial  applications. 

Keywords:  high-power  diode  lasers,  industrial  applications,  micro-optics,  stacking,  microchannel  heat-sinks 

1.  Introduction 


In  the  past  few  years,  lasers  have  become  a  standard  tool  in  applications  such  as  the  cutting  and  welding  of  metals.  In  the  labora¬ 
tory,  numerous  additional  applications,  e.g.  surface  processing,  soldering  or  brazing,  have  been  investigated  and  it  has  been 
proven  that  the  laser  generates  technically  excellent  processing  results.  Often,  however,  it  cannot  be  introduced  onto  the  produc¬ 
tion  line  due  to  a  lack  of  economic  efficiency,  resulting  from  the  generally  large  size  and  high  price  of  conventional  CO2  or 
solid-state  lasers.  This  situation  may  change  in  the  near  future  through  the  use  of  high-power  diode-laser  (HPDL)  systems  for 
direct  materials  processing,  at  least,  that  is  for  those  applications  requiring  a  process  intensity  or  beam  quality  resp.  achievable  by 
diode  lasers,  as  is  discussed  below.  In  these  laser  systems,  the  diodes  are  not  utilized  in  the  conventional  way  to  pump  a  laser 
crystal,  but  are  arranged,  for  example,  in  stacks,  in  order  to  increase  the  total  output  power  to  the  desired  level.  The  total  beam  is 
guided  directly  to  the  workpiece.  Advantages  of  such  laser  beam  sources  are  their  high  compactness  and  their  production  costs, 
which  are  already  in  the  region  of  those  of  conventional  lasers,  and  expected  to  decrease  considerably  in  the  near  future  (Fig.  1). 


jection 


Fig.  2:  Beam  quality  of  incoherently  combined  diode^ 
lasers  in  comparison  to  conventional  industrial  lasers 


The  diode  laser  systems  discussed  in  this  paper  are  based  on  the  principle  of  incoherent  superposition  of  either  several  diode 
laser  bars  or  geometrically  rearranged  emitters  of  one  single  bar.  For  both  cases,  the  beam  parameter  product  (the  "quality"  Q)  of 
the  resulting  beam  is,  typically,  not  independent  of  the  laser  power,  as  is  the  case  for  idealized  conventional  lasers,  but  is  directly 
proportional  to  the  square  root  of  the  output  power.  This  is  shown  in  a  slightly  simplified  way  in  Fig.  2,  where  a  number  n,  of 
individual  diode  laser  emitters  with  a  Q  of  2.5  mm-mrad  at  1  W  diode  laser  power  are  combined.  Such  an  emitter  can  be  gener¬ 
ated  by  the  geometrical  rearrangement  of  a  single  emitter  on  a  diode  laser  bar  (an  emitter  with  a  typical  Q  of  0.5  mm-mrad  in  the 
fast  axis  and  10  in  the  slow  axis)  e.g.  by  means  of  the  technique  described  in  chapter  3.  As  is  shown  in  Fig.  2,  in  comparison  to 
conventional  CO2  and  Nd-YAG  lasers,  diode  lasers  are,  in  principle,  able  to  achieve  a  beam  quality  in  the  high-power  range,  and 
thus  a  process  intensity,  in  the  range  of  present  solid-state  lasers.  This  is  valid  for  the  best  case  (lower  line)  without  any  loss  of 
power  or  beam  quality  when  combining  the  individual  beams.  Present  systems,  however,  are  far  away  from  this  limit  and  a  lot 
of  work,  currently  being  undertaken,  aims  towards  increasing  the  performance  of  these  diode  laser  systems,  this  is  further  dis¬ 
cussed  in  chapter  2.  The  range  of  industrial  applications  for  present  systems  is,  nevertheless,  far  reaching,  as  will  be  illustrated  by 
two  examples  is  section  3. 
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2.  Components  for  diode  laser  systems 


Two  main  R&D  topics  which  aim  towards  broadening  the  application  range  for  diode  lasers  are  the  increase  of  the  output  power 
of  one  diode  bar,  to  yield  higher  process  intensity  and  lower  production  costs,  and  the  increase  of  the  optical  quality  of  the  com¬ 
ponents  for  beam  processing,  especially  the  fast-axis  collimation  lens. 


A  key  factor  for  increasing  output  power  is  to  build  efficient  heat-sinks,  with  low  thermal  impedance,  in  order  to  dissipate  the 
waste  heat  of  the  diode  laser  bar  at  a  low  temperature  level.  We  have  developed  microchannel  structures,  first  introduced  by 
LLNL  for  heat-sinking  with  diode  lasers  /!/,  our  concept  being  based,  however,  on  copper  instead  of  silicon.  Copper  has  been 
chosen  due  to  its  excellent  thermal  and  electrical  conductivity  and  ease  of  machining.  The  heat-sinks  are  built  up  by  several  lay¬ 
ers  of  copper  sheet,  produced  by  laser-cutting,  and  are  bonded  together  by  a  diffusion-welding  process  ilL  With  such  heat-sinks 
and  a  Siemens  G5  semiconductor  bar  (diode  footprint  0.6  mm  x  10  mm),  a  maximum  output  power  of  1 16  W  has  been  achieved 
(Fig.  3).  The  characteristic  thermal  impedances  of  the  heat  sinks  is  in  the  range  of  0.4  -  0.5  KAVatt  waste  heat,  with  which  the 
diodes  can  be  safely  operated  at  30  -  40  W  laser  power,  with  a  temperature  rise  in  the  junction  of  about  20-30  K. 


Fig.  3:  (left)  Design 
and  performance  of 
diode-lasers, 
mounted  on  Cu- 
microchannel  heat¬ 
sinks 


Fig.  4:  (right)  High-quality  asherical  lens,  made  from  high-index  glass  (Schott 
JAFN  21)  by  an  ultra- precision  grinding  process.  The  total  transmission  of  the 
AR-coated  lens  is  above  90%,  the  beam  quality  in  the  fast  direction  behind  the 
lens  is  <  4  for  a  diode  laser  with  a  NA  of  0.8 


As  discussed  in  section  1  the  potential  of  direct  HPDL  applications  broadens,  the  higher  the  intensity  is  raised  at  the  workpiece. 
In  comparison  to  the  pumping  of  solid-state  laser  crystals,  the  demands  on  beam-shaping  and  beam-combining  devices  are  much 
higher  if  the  laser  diode  radiation  is  to  be  applied  directly  to  the  workpiece.  The  beam  from  a  diode  laser  is  strongly  divergent  in 
the  direction  perpendicular  to  of  the  diode  junction  plane,  with  a  NA  up  to  0.8,  and  all  current  techniques  for  beam  combination 
start  with  collimating  the  beam  in  that  direction  as  a  first  step.  One  of  the  key  issues  in  the  development  of  HDPL-modules  for 
direct  applications  is,  therefore,  to  optimize  micro-optical  elements  for  fast-axis  collimation  and  to  minimize  losses  in  beam 
quality  and  beam  power. 


Although  manufacturing  techniques  have  been  examined,  some  of  which  have  led  to  commercial  products  /3,4/,  it  seems  that  the 
specific  requirements  for  fast-axis  collimation  at  high  power  levels,  and  with  the  beam  characteristics  required  here,  are  not  fully 
met  by  the  micro-optics  available.  Our  work  takes  advantage  of  the  capabilities  of  present  ultra-precision  machining  technolo¬ 
gies.  A  glass-lens,  as  shown  in  Fig.  4,  made  from  high-index  glass  is  fabricated  with  an  ultra-precision  grinding  technique  on  a 
Rank-Pneumo  ASG  2500  111.  Using  the  technology  of  the  ductile  grinding  of  glass,  very  high  shape  accuracy  and  extremely  low 
surface  roughness  can  be  obtained.  A  ray-tracing  program  was  used  for  the  calculation  and  optimization  of  the  aspheric  lens 
surfaces.  The  lenses,  which  are  now  available  at  small  lot-sizes  have  a  total  power  throughput  over  90%  and  achieve  a  normal¬ 
ized  beam  parameter  product  behind  the  lens  of  M^<  4  for  the  best  lenses,  applied  to  a  diode  laser  with  a  fast-axis  NA  of  0.8. 


3.  Diode-laser  modules  and  industrial  applications 


In  the  following,  two  different  methods  will  be  discussed  for  shaping  the  emission  of  the  diode  laser  in  order  to  apply  it  directly 
for  materials  processing:  the  beam  transformation  of  a  single  diode  laser  bar  and  the  stacking  of  a  number  diode  laser  bars. 
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The  beam  transformation  of  a  single  diode  laser  bar  is  suited  to  low-power  applications.  Symmetrical  beams  are  generated,  with 
some  tens  of  watts,  which  can  then  be  coupled  into  fibers  and  scaled  to  a  higher  power  by  way  of  fiber  bundling.  Different  tech¬ 
niques  for  the  transformation  of  the  line-shaped  beam,  which  has  strong  beam  quality  differences  in  the  fast-  and  slow-axis,  have 
been  proposed,  e.g./5,6/.  We  are  employing  a  techique  which  utilizes  two  step-shaped  mirrors  to  geometrically  rearrange  the  in¬ 
dividual  emitters  of  a  bar  in  such  a  way,  that  the  beam  size  as  well  as  the  beam  quality  in  the  two  orthogonal  directions  are 
matched.  Fig.  5  shows  a  diode  laser  module,  based  on  this  technology.  Our  standard  modules  of  this  kind  produce  about  30  W 
laser  power  out  of  a  fiber  with  a  core  diameter  0.6  mm  and  a  NA  of  0.2.  Modules  are  under  development  to  produce  the  same 
output  power  from  a  0.3  mm  fiber  of  the  same  NA.  In  Fig.  6,  a  module,  such  as  that  shown  in  Fig.  5,  is  combined  with  a  beam 
scanner  and  a  computer  control  system  and  integrated  into  a  commercial  machine  for  the  soldering  of  SMD-parts  and  for  the 
welding  of  plastics.. 


Fig,  5:  Diode  laser  with  beam  transformation  by  two  "step-  6.'  Machine  for  laser  welding  of  plastics^  soldering  etc.,  A 

mirrors",  with  this  transformation  technique  more  than  30  W  diode-laser  module  as  shown  in  fig.  5  is  combined  with  a 

out  of  a  0.6  mm  fiber  (NA  0.2)  has  been  achieved  scanner  and  a  computer  control  system 


Fig.  7  compares  the  welding  of  LURAN  parts  in  T-joint-  and  overlap  geometry.  In  this  specific  case,  a  transmissive  and  an  ab¬ 
sorptive  component  have  been  combined  so  that  the  laser  power  is  absorbed  directly  at  the  Joining  interface.  In  order  that  the 
cross-section  of  the  join  be  large,  the  beam  diameter  at  the  workpiece  was  chosen  in  the  range  of  2  -  4  mm.  In  comparison  to  the 
standard  manufacturing  technique,  ultra-sonic  welding,  the  strength  of  the  join  was  found  to  be  over  50%  higher.  Applications  of 
this  welding  process  include  use  in  the  production  of  plastic  parts  for  the  automotive  industry  and  the  production  of  casing  boxes 
and  housings  in  the  electronic  industry. 


Fig.  7:  Appli¬ 
cation  of  the 
machine  shown 
in  fig.  6  for  the 
welding  of 
plastics  (LU¬ 
RAN) 


In  order  to  increase  the  total  laser-power  to  a  level  relevant  for  high-power  applications,  a  stacking  technology  has  been  devel¬ 
oped  as  an  alternative  to  bundling  the  fibers  of  the  diode  laser  modules,  with  the  advantage  of  lower  costs.  As  illustrated  in  fig. 
8,  the  diode  lasers,  with  a  total  height  of  1 .7,  mm  have  been  supplied  with  collimating  lenses  and  are  stacked  together.  After  the 
collimation  of  the  slow  axis  divergence  with  a  cylinder-lens,  the  total  emission  pattern  is  focused  down  with  an  ordinary  photo¬ 
graphic  lens.  With  the  polarization  coupling  of  two  stacks,  each  incorporating  20  diode  lasers,  the  maximum  values  achieved  for 
output  power  and  the  intensity  at  the  focal  spot  (F#2)  were  1  kW  and  210'^  W/cm^  resp.  .  Depending  on  the  specific  application, 
the  beam  is  either  focused  directly  onto  the  workpiece  or  onto  an  array  of  fibers,  located  at  the  focal  position  of  the  lens. 
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Such  stacks  can,  for  example,  be  applied  in  surface  treatment,  laser-assisted  machining,  brazing  111  and  soldering  of  larger  com 
ponents,  for  instance  electric  components  in  the  automotive  industry  (Fig.  9). 


Fig.  8:  Principle  and  laboratory  set-up  of  a  diode-laser  stack 
for  materials  processing 


Fig.  9:  Application  of  a  stack  as  shown  in  fig.  8:  sol¬ 
dering  of  electric  components  (P  -  150  -  300  W) 


4.  Conclusion 

Diode  laser  bars,  mounted  on  copper-microchannel  coolers,  as  discussed  above,  yield  a  maximum  output  power  of  approx.  120 
W.  The  diode  lasers  can  be  operated  safely  and  reliably  at  a  power-level  of  approximately  30  W.  With  ultra-precision  machined 
micro-optics  for  fast-axis  collimation  a  collimated  beam  with  M^<  4  beam  quality,  at  a  power  throughput  above  90  %,  has  pres¬ 
ently  been  achieved  in  the  best  seenario.  Diode  laser  modules  have  been  built,  based  on  a  beam  transformation  teehnique  with 
step-shaped  mirrors,  to  be  applied  to  a  number  ol  iow-power  industrial  applications,  such  as  the  soldering  of  SMD-parts,  plastics 
welding  or  the  pumping  of  solid-state  lasers.  Through  the  use  of  stacking  techniques,  the  total  output-power  has  been  raised,  so 
far,  up  to  1  kW,  in  the  near  future  multi-kW  stacks  will  be  built  up  and  tested  for  direet  materials-processing  applications.  By 
further  inerease  in  the  quality  of  the  packaging  chnology,  narrowing  the  quality  spread  of  the  collimation  lenses,  and  the  em¬ 
ployment  of  new  beam  transformation  and  eombination  schemes,  the  beam  quality  at  the  kW  level  should,  in  the  near  future,  be 
increased  by  a  factor  of  about  1 0. 

The  authors  believe  that  stacks  and  diode  modules,  either  applied  direetly  to  the  workpiece,  or  via  a  fiber-bundles,  will  have 
numerous  applications  and  thus  a  large  industrial  market.  As  discussed  above,  the  technical  advantages  of  direct  diodi  ia.ser  ap¬ 
plications  can  already  be  tested  and  proven,  the  true  economical  success  and  market  volume,  however,  being  subject  lu  the  fu¬ 
ture  increase  in  diode  lifetime  and  reliability,  and  the  reduction  of  price  per  watt  diode  power.  If  the  prices  indeed  decrease,  as 
predicted  in  many  scenarios,  some  tens  of  megawatt  total  diode  power  may  be  needed  for  direet  diode  laser  applications. 
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ABSTRACT 

Narrow  spectral  width  oscillation  of  an  AlGalnP  index-guided  diode  laser  (638  nm)  has  been  achieved  with 
an  external  stimulated  photorefractive  backscattering  phase-conjugator.  The  emission  spectral  width  was 
narrowed  down  to  5.3  GHz  (7.2  pm)  due  to  the  very  narrow  spectral  bandwidth  of  the  2k  gratings  formed 
by  the  stimulated  photorefractive  backscattering  process  in  a  photorefractive  barium  titanate  crystal.  The 
spectral  brightness  increased  ~50  times  as  high  as  a  free-running  diode  laser.  We  have  also  suppressed  the 
self-scanning  of  the  laser  frequency,  and  successfully  achieved  wavelength-stable  oscillation  in  the  phase- 
conjugator  coupled-cavity  diode  laser. 

keywords  :  phase  conjugation,  photorefractive  effect,  AlGalnP  diode  laser,  external  cavity  diode  laser 

2. INTRODUCTION 

External  cavity  operation  of  a  diode  laser  has  been  used  to  improve  its  spectral  properties,  leading  to  a  high 
spectral-brightness  operation  as  well  as  a  single  longitudinal  mode  operation,  spectral  line-narrowing,  and 
frequency  stabilization ^ -2.  However,  the  laser  system  is  quite  sensitive  to  the  variations  in  external  cavity 
length,  therefore,  a  precise  temperature  control  and  an  anti-vibration  system  are  required.  Moreover,  the 
alignment  of  the  external  mirror  is  extremely  difficult  because  of  the  small  active  region  of  the  diode  laser. 
An  attractive  candidate  for  the  stable  and  robust  external  cavity  system  is  a  phase-conjugator  coupled- 
cavity,  where  an  external  phase-conjugate  mirror  is  employed  instead.  Since  tlu)  reflected  phase-conjugate 
wave  traces  exactly  back  to  the  small  active  region  of  the  diode  laser,  no  alignment  is  necessary  for  the 
external  phase-conjugate  mirror,  leading  to  the  mechanically  stable  laser  system.  In  many  media  which 
can  generate  the  phase-conjugate  wave,  the  photorefractive  crystals  have  been  the  simplest,  the  most 
useful,  and  the  most  efficient  phase-conjugate  mirror  since  Feinberg  developed  a  self-pumped  (cat)  phase 
conjugator^. 

With  a  photorefractive  barium  titanate  (BaTiOs)  self-pumped  phase  conjugator,  phase-conjugator 
coupled- cavity  operation  of  diode  lasers^  and  a  diode  laser  arrays  have  been  experimentally  demonstrated. 
In  their  experiments,  the  full- width  at  half- maximum  (FWHM)  of  the  emission  spectral  width  was 
narrowed  to  Inm,  however,  they  oscillated  with  multiple  longitudinal  modes.  This  is  owing  to  the 
spectral  bandwidth  of  the  transmission  gratings  formed  in  the  cat  conjugator,  which  is  expected  to  ~  Inm. 
In  order  to  obtain  the  narrowest  spectral  bandwidth  in  the  phase  conjugator,  the  interference  of  two 
counterpropagating  beams  is  required,  which  induces  refractive  index  gratings  with  the  shortest  grating 
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period  (2k  grating).  The  phase  conjugation,  induced  by  the  2k  gratings,  is  known  as  stimulated 
photorefractive  backscattering  (SPBS)®.  Thus,  the  use  of  the  SPBS  conjugator  as  an  external  phase 
conjugator  can  be  expected  to  improve  the  spectral  properties  of  the  diode  laser  much  better  than  the  cat 
conjugator.  In  this  paper,  we  have  demonstrated  the  narrow  spectral  width  operation  of  an  AlGalnP  index 
guided  diode  laser  coupled  to  a  SPBS  conjugator. 


3.EXPERIMENT 

3.1  Mechanism  of  phase  conjugation 

There  have  been  reported  three  mechanisms  of  self-pumped  phase  conjugation  in  a  single  photorefractive 
crystal  without  the  use  of  any  external  mirror;  four-wave  mixing  from  internal  reflections  (cat 
conjugation)^,  SPBS^,  and  their  hybrid  process^.  It  is  known  that  the  mechanism  of  phase  conjugation  in 
the  photorefractive  crystal  depends  on  the  dopant  density  as  well  as  the  incident  beam  parameters  such  as 
power,  diameter,  and  wavelength^.  The  BaTiOs  crystal  used  is  doped  with  cobalt  (100  ppm  in  melt),  leading 
to  the  high  photorefractive  response  for  longer  wavelength  and  increase  of  backscattered  light  which  starts 
the  SPBS  process.  In  preliminary  experiment  with  a  He-Ne  laser  we  have  obtained  the  phase-conjugate 
wave  by  means  of  SPBS  process,  not  four-wave  mixing  process.  We  confirmed  the  SPBS  process,  by 
observing  the  optical  path  in  the  crystal.  The  phase-conjugate  reflectivity  reached  ^  80%. 


backscattering  conjugator 
□ 


B.S. 


AlGalnP  LD 


-1^ 

Collimating  lens 


3.2  Phase-conjugator  coupled-cavity  diode  laser 

The  experimental  setup  is  shown  in  Fig.  1.  The  laser  stimulated  photorefractive 
source  is  a  cw  index  guided  MQW  AlGalnP  diode 
laser,  emitting  in  the  visible  spectral  region  (X  =  638 
nm  @20°  C).  The  reflectivities  of  the  front  and  rear 
facet  of  the  diode  laser  are  2%  and  30%,  respectively. 

This  diode  laser  oscillates  with  several  longitudinal 
modes  and  the  FWHM  of  the  total  emission  spectral 
width  is  260  GHz  (0.36  nm)  at  an  injection  current  of 
80  mA,  corresponding  to  the  output  laser  power  of 
10  mW  from  the  low  reflectivity  facet.  The  laser 
beam  is  loosely  focused  by  the  collimating  lens,  and 
it  is  incident  on  the  photorefractive  BaTiOs  crystal 
(42x4.4x5.1  mm3),  which  terminates  the  50  cm 
long  external  cavity.  The  precise  geometry  of  the 
photorefractive  crystal  and  the  laser  beam  is  shown 
in  the  inset  of  Fig.  1.  The  laser  output  is  coupled  out  with  a  beam  splitter  (R  =  17%),  and  the  laser 
wavelength  and  spectral  width  is  monitored  by  spectrum  analyzer  and  monitor  etalon  (FSR: lOOGHz), 
respectively. 

Figure  2  shows  the  temporal  evolution  of  laser  wavelength  and  spectral  width  of  the  phase-conjugator 


Spectrum  analyzer 
Monitor  etalon 


Fig.  1  Experimental  setup  of  a  photorefractive  phase- 
conjugator  coupled-cavity  ^ode  laser.  Precise  geometry 
of  the  stimulated  photorefractive  backscattering 
conjugator  is  shown  in  the  inlet.  B.S.:  Beam  splitter 
(R=17%) 
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coupled-cavity  diode  laser.  The  spectral  properties 
were  affected  by  the  phase-conjugate  wave,  a  few 
tens  of  seconds  from  the  switch-on  at  r  =  0  s.  Until  t  = 

95  s,  the  phase-conjugate  reflectivity  iS>CMwas  quite 
low  (<  1.8  X  10-3%),  and  which  was  lower  than  the 
detection  limit  of  our  detector.  Here,  one 
longitudinal  mode  was  enhanced  by  the  phase- 
conjugate  feedback,  however,  other  longitudinal 
modes  were  not  suppressed  completely.  At  t  =  100  s, 
dramatically  increased  up  to  50%,  and  the 
laser  spectral  width  was  narrowed  below  resolution 
hmit  of  the  spectrum  analyzer.  We  measured  the 
spectral  width  of  ~5.3  GHz  (7.2  pm)  with  the 
monitor  etalon.  The  laser  output  increased  1.3  times 
as  high  as  the  free-running  diode  laser.  All  of  the 
laser  output  power,  phase-conjugate  reflectivity  and 
laser  wavelength  were  observed  stable  in  this  case. 

Under  the  stable  operational  conditions,  the  total  internal  reflection  using  a  crystal  corner^  was  not 
observed  in  the  crystal,  which  does  not  mean  the  mechanism  is  the  four-wave  mixing  process.  From  this 
fact,  we  conclude  the  mechanism  of  phase  conjugation  is  SPSS  process.  The  calculated  spectral  bandwidth 
of  the  2k  gratings  formed  by  the  SPBS  process  is  ^  9.4  GHz  (12.8  pm)®,  where  wavelength  X  =  638  nm, 
refraction  index  n  =  2.5,  and  index  modulation  m  =  5  x  10-^.  This  value  would  explain  the  experimental 
spectral  width  of  5.3  GHz,  and  the  theoretical  and  experimental  results  show  the  much  narrower 
spectral- width  operation  by  means  of  the  2k  gratings  than  the  transmission  gratings^ 

3.3  Wavelength  stability 

Under  the  phase-conjugator  coupled-cavity  operation  using  a  seif-pumped  phase  conjugator,  self-scanning 
of  the  laser  frequency  was  reported^®'^^^  which  results  in  the  frequenc)^- unstable  oscillation.  This 
phenomenon  is  attributed  to  the  frequency  shift  of  the  phase-conjugate  wave^®'^^  or  mode  competition 
between  the  longitudinal  mode  of  the  external  cavity  and  the  photorefr active  ring  resonator and  both 
of  which  result  from  the  four-wave  mixing  conjugator  employed  in  all  of  these  experiments.  We  observed 
no  self-frequency  scanning  in  the  experiment,  except  for  small  frequency  hopping  before  buildup  of  the 
stable  phase-conjugate  wave  output.  The  wavelength-stable  oscillation  in  our  phase-conjugator  coupled- 
cavity  diode  laser  is  due  to  SPBS  process  which  induces  no  frequency  shift®  and  forms  no  photorefractive 
resonator  in  the  crystal. 
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Fig.  2  Temporal  evolution  of  the  laser  wavelength  and 
the  emission  spectral  width.  The  laser  beam  is  incident 
on  the  crystal  surface  at  t=0. 


4.  CONCLUSION 

We  have  demonstrated  the  operation  of  the  photorefractive  phase-conjugator  coupled-cavity  diode  laser 
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using  SPBS  process  in  a  BaTiOs.Co  crystal.  Narrow  spectral-width  to  5.3  GHz  has  been  achieved  by  means 
of  narrow  spectral  bandwidth  of  2k  gratings  induced  by  SPBS  process,  and  the  spectral  brightness 
increased  ^^50  times  as  high  as  the  free-running  diode  laser.  Additionally,  we  have  also  suppressed  the 
self-frequency  of  the  laser  frequency,  and  successfully  achieved  wavelengtli-stable  oscillation  in  the 
phase-conjugator  coupled-cavity  diode  laser. 
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Abstract 

A  planar  YAG  waveguide  with  a  200  pm  Nd  doped  core,  produced  by  a  diffusion  bonding  process,  has  been  face  pumped  by 
an  array  of  qcw  laser  diode  bars,  producing  9.3  W  of  average  output  power  at  8%  duty  cycle,  with  24%  conversion  efficiency. 
The  multi-pass  pumping  using  a  slotted  mirror  reflective  pump  chamber  has  been  modelled  by  a  matrix  method,  accounting  for 
both  laser  diode  temperature  tuning  effects  and  the  pumping  efficiency  found  in  the  experiment. 

Keywords:  planar  waveguide,  slab  laser,  diode  pumped,  Nd:YAG. 


1.  Introduction 

High  average  power  solid  state  lasers  using  bulk  crystals  are  limited  in  power  output  by  thermal  conduction  to  the  cooled 
surface  of  the  crystal.  For  a  slab  shaped  laser  medium,  improved  heat  removal,  and  hence  high  power  output  per  unit  volume, 
can  be  obtained  by  reducing  the  thickness  and  increasing  the  power  density  of  pumping,  until  some  limit  is  met,  such  as  the 
inefficient  absorption  of  pump  light.  This  leads  to  the  idea  that  a  slab  waveguide  is  potentially  the  highest  power  density  solid 
state  laser  configuration,  which  can  be  scaled  in  power  proportional  to  the  area. 


10  diode  bar  illuminator. 


Slotted 

mirror. 


Previously,  Nd:YAG  waveguides  have  been  epitaxially  grown  on  YAG  substrates  [1],  but  the  limited  thickness  of  the  active 
layer  has  required  pumping  by  high  beam  quality  diode  laser  light,  coupled  into  the  waveguide  through  an  edge.  In  the  narrow 
guides,  waveguide  loss  also  reduces  the  power  conversion  efficiency.  In  this  paper,  we  report  on  a  new  configuration,  where  a 
much  thicker  active  layer  (200  pm)  is  formed  by  diffusion  bonding  of  pieces  of  bulk  YAG  and  Nd:YAG  crystals  [2]  The  pump 
absorption  in  a  single  pass  through  the  thin  direction  is  now  sufficient  to  allow  face  pumping  with  low  beam  quality  laser 
diode  light.  Previously,  we  have  reported  a  new  configuration  for  efficient  coupling  of  light  into  thin  Nd'.glass  slabs  [3],  which 
uses  a  slotted  mirror  in  a  rectangular  highly  reflecting  pump  chamber  to  transmit  pump  light  from  closely  coupled  diode  bars. 
This  has  now  been  used  to  pump  the  Nd:  YAG  planar  waveguide  laser. 

Figure  1  shows  the  pumping  geometry.  The  planar 
waveguide  has  dimensions  of  60  mm  x  1 1  mm  x  1 
mm,  with  the  200}im,  1%  doped  active  layer 
sandwiched  between  400  pm  undoped  YAG 
claddings.  An  illuminator  formed  by  10  quasi-CW 
diode  laser  array  bars  is  used  as  the  pumping  device. 
Each  diode  is  mounted  on  a  water  cooled  copper 
heat  sink,  with  an  accurate  spacing  of  5  mm  between 
each  bar.  In  front  of  the  illuminator,  a  slotted  mirror 
is  positioned  with  transmitting  slots  well  aligned 
with  the  emitting  facets  of  the  diode  bars  This  is 
fabricated  by  deposition  of  a  silver  coating  on  a  1 
mm  thick  quartz  substrate,  followed  by  etching  of 
the  300  pm  wide  slots.  The  optical  reflectivity  of  the 
mirror  coating  is  97%,  whilst  the  geometrical 
reflectivity  is  94%,  giving  an  effective  overall 
reflectivity  of  91.2%  for  pump  light  returning  to  the  mirror  from  the  pump  chamber.  In  order  to  achieve  a  homogeneous 
pump  radiation  density,  the  planar  waveguide  slab  is  mounted  5  mm  below  the  slotted  mirror,  making  use  of  the  large  angular 
divergence  of  the  diode  bar  radiation. 


Diffusion  bonded 
YAG  waveguide 

Fig.  1  Side  cross-section  of  pumping  set-up 
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The  pump  back  reflector  is  a  96%  reflectivity  gold  mirror  a  few  millimetres  below  the  planar  waveguide  Gold  coated  side  and 
end  walls  are  used  to  confine  the  pump  radiation  further.  In  this  way  multi-pass  pumping  of  the  thin  absorbing  layer  is 
obtained.  The  waveguide  slab  is  cooled  with  a  nitrogen  gas  flow  injected  into  the  cavity  through  slots  in  the  side  walls. 


2.  Pumping  efficiency  modelling 


For  the  200  pm  active  layer  thickness,  the  peak  single  pass  absorption  at  a  wavelength  of  808  nm  is  only  14%.  This  means 
that  precise  tuning  of  the  emission  spectrum  of  the  illuminator  to  the  absorption  peak  of  the  gain  medium  is  required  to 
maximise  pumping.  Also  it  is  essential  to  efficiently  recirculate  the  light  in  the  pumping  chamber.  It  is  thus  important  to  have  a 
model  to  calculate  the  fraction  t  the  pump  light  absorbed  in  the  slab  waveguide,  and  that  lost  in  the  boundaries  of  the 
pumping  chamber.  This  model  :  lould  take  into  account  the  varying  absorption  of  the  gain  medium  as  a  function  of  the 
wavelength,  the  finite  reflectivity  from  mirrors  and  boundaries  in  the  pumping  chamber,  and  the  multiple  reflections  at  each 
dielectric  interface.  The  laser  diode  light  has  a  Slotted 

limited  angular  spread  which  is  maintained  during  mirror  Nd:YAG  Ba:X 

multiple  reflections  from  only  plane  interfaces.  Light  substrate  waveguide  rr*'3ctor 


spreading  laterally  and  longitudir.ally  is  returned  by 
the  reflecting  side  and  end  walls.  The  effect  of 
localised  loss  such  as  light  returning  through  the 
slots  is  quickly  averaged  out  by  the  angular  spread 
of  the  diode  laser  light.  However,  the  angular  spread 
of  the  diode  laser  radiation  after  refraction  into 
YAG  is  not  sufficiently  great  to  require  detailed 
modelling,  and  can  be  represented  as  propagating 
through  the  absorbing  layer  with  slightly  reduced 
absorption  coefficient.  It  is  thus  possible  to  use  a 
one  dimensional  model,  assuming  uniform  lateral 
and  longitudinal  power  density  in  the  pump 
chamber.  Figure  2  shows  the  circulation  of  light 
within  the  pump  chamber  in  this  one  dimensional 


Fig.  2  Circulation  of  pump  light  in  pump  chamber 


approximation. 


To  fully  account  for  multiple  reflections,  we  have  used  a  modification  of  the  matrix  method  used  for  multi-layer  coatings 
design.  Each  interface  is  represented  by  an  intensity  transmission  matrix,  but  propagation  phase  shifts  are  not  used, 
representing  the  incoherence  of  the  light  from  the  many  independent  laser  diodes.  For  a  reflecting  interface,  the  forward  and 
reverse  intensities,  represented  by  a  column  vector,  are  transformed  by  the  equation: 

r_L_  ^ 

41^  \-R„  \-R„ 

4j  ^-24, 

Li-4,  1-4, 

An  absorbing  layer  of  thickness  /  has  the  following  function  in  matrix  notation: 

4]  rexp(ar)  0  1  r/„+ii 

L4j  L  ®  exp(-o:/)J^  _4+i'_ 

Such  relations  are  useful  in  that  the  sequence  of  reflections  in  the  cavity  can  be  described  by  the  cascaded  multiplication  of 
matrices.  Following  the  notation  defined  by  Fig.  2,  the  total  pump  power  per  unit  area  passing  through  the  slotted  mirror,  4. 
required  to  produce  unit  intensity  incident  on  the  back  mirror  (4  =  7;  is  given  by  the  following  two  equations: 

7;  =  Iff  -i  Rq  Ij  (3) 


1  -4  1  r  1  -Ri  ]  r  1  -7^3 

1-4  1-7^1  ]-7?2  1-74  JexpCa/)  0  1  i_/^^  f  l 

4  ^-24  1  -  27^2  ^  0  exp(-a/')  43  1  -27?3  ^ 

l-77i  1-77]  J  [i-7?2  1-772  J  Ll-4  1-4  J 


(4) 
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Equations  (3)  and  (4)  give  the  incident  power  which  is  required  to  produce  unit  intensity  at  the  back  reflector.  The  power 
incident  on  the  Nd  doped  layer  for  unit  back  reflector  intensity  is  then  calculated  by: 


1 

-i?3  1 

'h' 

\-R, 

l-i?3 

V 

"  1  ■ 

h'. 

R, 

\-2R^ 

A 

1-^3  . 

The  power  absorbed  in  the  active  layer  for  light  travelling  in  both  directions  is  given  by; 

/3  {exp(at)~\)  +  /3'(l“  exp(-at)) 

The  pumping  efficiency  is  then  given  by:  ~  Pq  ' 


(5) 

(6) 
(7) 


The  matrix  formulation  of  the  problem  is  easily  handled  by  Mathcad  software,  to  give  the  pumping  efficiency  as  a  fiintion  of 
the  absorption  coefficient  a,  and  thus  indirectly  as  a  function  of  wavelength.  For  the  conditions  of  the  experiment,  Rq  = 
91.2®/©,  Rj  =  4®/o,  Ry  =  R^  ^  S%  and  R^  ^  96%.  The  absorption  coefficient  of  l.l®^  doped  Nd:YAG  as  a  function  of 
wavelength  between  795  nm  and  815  nm  is  then  used  to  calculate  the  pumping  efficiency  shown  in  Fig.  3.  A  peak  value  of 
68®/o  is  attained  at  808  nm. 


Fig.  3  Calculated  pumping  efficiency  dependence  on 
wavelength.  For  comparison,  the  diode  laser  spectra  at  15  A 
and  60  A  peak  current  are  shown,  operating  at  8%  duty 
cycle 


Fig.  4  Overall  pumping  efficiency,  allowing  for  the  diode 
laser  spectral  width  and  temperature  tuning,  calculated  for 
varying  duty  cycle  and  hence  average  output  power. 


Fig.  3  shows  measured  spectra  for  the  10  McDonnell-Douglas  4501  laser  diodes  used  in  the  experiments.  These  diodes 
individually  have  a  spectral  width  of  2  to  3  nm  (FWHM)  and  temperature  tune  at  a  rate  of  -0.3  nm/K.  The  thermal  impedance 
of  each  water  cooled  heat  sink  is  in  the  range  3  to  7  KAV,  producing  tuning  of  the  centre  wavelength  of  the  light  at  a  mean 
rate  of  1.5  ±  0.3  nmAV,  and  also  an  increase  in  spectral  width  for  the  array  of  ten  bars  This  effect  is  shown  in  Fig.  3  for  an 
increase  in  peak  current  from  1 5  A  to  60  A  at  a  fixed  8%  duty  cycle,  and  20°C  cooling  water.  It  can  be  seen  from  Fig.  3  that 
the  diode  laser  spectrum  is  broader  than  the  structure  in  the  pumping  efficiency  curve  and  it  is  necessary  to  integrate  over  the 
pump  laser  spectrum  S{A)  to  get  the  overall  effect: 

Pu„pmgeffic.ency.-pj^p^ 

The  variation  of  overall  pumping  efficiency  with  the  average  power  generated  by  the  diode  lasers  is  shown  in  Fig.  4,  with  the 
duty  cycle  of  operation  varied  to  produce  this  curve.  With  the  present  diode  /cooler  thermal  characteristics,  the  illuminator 
typically  tunes  to  the  optimum  emission  wavelength  at  8®^  pulse  duty  cycle,  50  A  injection  peak  current,  and  a  coolant 
temperature  of  20°C,  providing  a  peak  power  of  400W,  and  an  average  power  of  32  W.  At  this  point  the  pumping  efficiency 
is  50®/o.  Maximum  efficiency  operation  at  lower  average  power  can  be  obtained  by  increasing  the  water  coolant  temperature, 
whilst  for  higher  peak  current,  the  water  temperature  has  been  reduced  to  the  dew  point  limit,  giving  >  40  W  of  pump  power 
near  the  optimum  pump  efficiency  point. 
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In  the  future,  it  will  be  possible  to  improve  the  pumping  efficiency  to  -80%  by  using  dielectric  coated  mirrors  and  AR 
coatings  on  the  YAG  pumping  faces,  together  with  somewhat  narrower  slots.  However,  as  will  be  shown,  the  present 
efficiency  is  sufficient  to  attain  strong  laser  output  from  the  planar  waveguide. 


3.  Laser  operation 

The  laser  is  operated  with  plane  mirrors  spaced  approximately  1  mm 
from  the  AR  coated  facets  of  the  YAG  waveguide,  forming  a  dual 
case  1  waveguide  resonator.  The  waveguide  is  multi-mode  with  a 
200  pm  core,  supporting  tens  of  guided  modes.  However,  laser 
action  is  found  to  be  in  only  the  first  two  or  three  transverse 
waveguide  modes,  because  of  mode  dependent  coupling  loss 
between  the  guide  ends  and  the  mirrors.  Single  transverse  mode 
operation  at  reduced  power  is  obtained  by  spacing  one  mirror  away 
from  the  waveguide  facet.  In  the  lateral  direction,  there  is  currently 
no  mode  control,  and  the  output  is  highly  multimode. 


Fig.  5 


Output  coupling  (%) 

Output  power  from  YAG  planar 
waveguide  laser  with  38W  of  pump  power 
coupled  through  slotted  mirror. 


In  agreement  with  the  pump  modelling,  the  laser  efficiency  is  found 
to  maximise  at  pump  powers  where  the  combined  diode  laser 
spectrum  is  centred  at  808  nm.  Figure  5  shows  the  optimisation  of 
the  output  power  from  the  laser  by  variation  of  the  output  coupling, 
when  pumped  at  8%  duty  cycle  and  with  40  W  average  power 
emitted  by  the  10  diode  bars  in  600ps  pulses.  The  optimum  output 
coupling  is  25%  from  which  an  average  output  power  of  9.3  W  is 
obtained  at  an  optical-optical  efficiency  of  approximately  24%.  The 

measured  slope  efficiency  is  25%  when  the  diode  coolant  temperature  is  varied  to  hold  the  emission  at  808  nm,  and 
consequently  the  threshold  pump  power  is  very  low.  From  Fig.  5the  intra-cavity  loss  is  estimared  at  2.5%  per  round  trip, 
whi  ,t  the  peak  gain  per  round  trip  is  570  %  ,  giving  a  peak  small  signal  gain  of  17  m'^  As  the  pumping  efficiency  with  the 
pr  sent  reflecting  cavity  is  only  -50%,  the  efficiency  of  converting  absorbed  light  is  -50%, which  is  a  high  value  for  a 
Nd:YAG  laser  using  side  pumping. 


4.  Conclusions 

Tht‘  ^preliminary  results  reported  here  show  that  high  gain  and  reasonable  conversion  efficiency  can  be  obtained  using  a  planar 
waveguide  laser  fabricated  by  diffusion  bonding.  The  low  threshold  observed  in  the  present  results  shows  that  in  the  future, 
true  cw  operation  of  the  laser  configuration  should  be  possible,  leading  to  waveguide  devices  with  powers  beyond  lOOW. 
Such  a  development  will  require  the  installation  of  water  cooling,  and  improvements  in  the  reflectivity  of  the  pump  chamber 
components,  in  addition  to  cw  rated  diode  bars.  The  pumping  efficiency  analysis  presented  here  will  be  of  value  in  improving 
overall  conversion  efficiency  of  such  devices. 

The  use  of  waveguiding  is  expected  to  avoid  the  effects  of  thermal  lensing  at  higher  powers,  as  the  step  index  guiding  is 
sufficiently  strong  to  keep  control  of  the  mode  size.  The  one-dimensional  thermal  distortions  in  the  planar  geometry  should 
also  reduce  the  depolarising  effects  of  stress  birefringence  found  in  cylindrical  diode  pumped  lasers.  Future  efforts  must 
concentrate  on  single  transverse  mode  selection  techniques  and  the  use  of  a  one  dimensional  resonator  in  the  lateral  direction 
to  provide  a  high  beam  quality,  high  power  source. 
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ABSTRACT 


The  design  and  operation  of  a  one  kiloherz  diode  pumped  all  solid-state  Nd:YAG  master  oscillator  power 
amplifier  system  with  a  phase  conjugate  mirror  is  presented.  The  setup  allows  high  power  scaling  without 
reduction  in  beam  quality. 

Keywords:  solid-state  lasers,  Nd:YAG,  diode  pumping,  phase  conjugation,  stimulated  Brillouin  scattering,  pulse 
amplification,  Q-switching,  beam  quality 


1.  INTRODUCTION 


In  recent  years  high  power  diode  pumped  all  solid  state  lasers  have  emerged  as  viable  sources  of  high  brightness 
radiation.  Both  cw  and  high  repetition  rate  pulsed  sources  are  increasingly  becoming  available  due  to  the  increased 
availability  and  decreasing  costs  of  the  pump  diodes.  Diode  pumping  combines  many  technological  advantages 
over  lamp  pumping  such  as  reduced  heat  load  in  the  laser  crystals,  resulting  in  better  beam  quality,  smaller  size 
requirements  allowing  a  more  compact  design,  higher  efficiency,  longer  lifetimes  resulting  in  less  maintenance  and 
downtime,  and  better  stability,  resulting  in  less  output  noise  and  fluctuation.  At  NCLR  a  high  repetition  rate  all 
solid-state  tunable  laser  system  is  under  development  for  use  in  spectroscopy  and  advanced  materials  processing. 
This  system  is  of  the  master  oscillator  power  amplifier  (MOPA)  type  and  consists  of  a  Q-s witched  single  mode 
ring  zigzag  slab  Nd:YAG  master  oscillator  and  a  4-pass  Nd:YAG  zigzag  slab  power  amplifier.  In  order  to  preserve 
the  excellent  beam  quality  of  the  oscillator,  stimulated  Brillouin  scattering  phase  conjugate  reflection  is  employed 
after  the  second  pass  through  the  amplifier.  The  design  and  operation  of  this  system  is  described  in  this  paper. 
In  the  next  sections  each  of  the  components  in  our  system  and  overall  system  performance  will  be  discussed  in 
detail. 


2.  OSCILLATOR 


Previously  we  reported  on  a  standing  wave  oscillator  with  either  a  brick  shaped  or  a  Brewster  angled  Nd:YAG 
slab.^  The  oscillator  crystal  was  pumped  with  a  5-bar  quasi-CW  diode  array  from  Spectra  Diode  Labs.  The 
duration  of  the  pump  pulse  was  200/ns  at  maximum  current.  The  2  x  2  x  20mm^  Nd:YAG-slab  was  mounted 
in  the  vertical  plane  between  two  copper  blocks  for  cooling.  The  slab  dimensions  were  chosen  for  optimal  side 
pumping  and  mode  volume  control,  with  Brewster-angle  faces  for  low-loss  transmission  without  coatings.  The 
linear  cooling  geometry  caused  thermally  induced  astigmatism  which  could  be  partially  compensated  for  with 
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Figure  1:  Schematic,  of  the  oscillator 


cylindrical  intracavity  optics.  However  non-'Cylindrical  aberrations  and  depolarization  eventually  limited  the 
output  of  this  oscillator  and  the  maximum  repetition  rate  in  Q-switched  mode.  An  improved  oscillator  involving 
a  zigzag  slab  to  compensate  for  thermal  lensing  and  depolarization  was  therefore  designed  similar  to  the  cw 
oscillator  of  Shine  ei  al?  A  16-bounce,  1.8  by  1.77m?i  cross  section,  1%  Nd:YAG  Brewster  angle  crystal  was  used 
with  a  total  pumped  length  of  2Smrn.  The  non-TIR  faces  were  clamped  between  gold-coated  specularly  reflecting 
glass  plates  to  avoid  coolant  flow  along  these  surfaces.  Teflon  coatings  were  used  to  insulate  the  total  internal 
reflection  (TIR)  faces  from  coolant  water  turbulence  and  shield  the  0-rings  from  radiation.  In  Q-switched  mode 
small  diffractive  light  losses  which  spilled  over  the  edges  of  the  slab  were  a  problem  in  that  they  would  burn  the 
O-rings  due  to  the  high  intensity.  This  would  result  in  an  absorbing  layer  of  carbonized  rubber  on  the  teflon 
coating  which  if  left  unattended  would  eventually  damage  the  slab  surfaces.  A  gold  leaf  coating  has  been  applied 
to  alleviate  this  problem.  In  the  previous  standing  wave  cavity  design  single  longitudinal  mode  (SLM)  operation 
was  achieved  by  seeding  with  a  commercial  cw  single  mode  Nd:YAG  laser  and  a  home  built  locking  scheme.  Due  to 
the  polarizing  Brewster  end  faces  twister  mode  operation  in  that  cavity  was  impossible  and  spatial  hole  burning 
reduced  the  SLM  output  energy  to  approx.  85%  of  the  unseeded  value.  Therefore  it  was  decided  to  operate 
the  current  oscillator  in  a  ring  cavity  mode.  This  reduces  round  trip  gain  with  respect  to  output  coupling  but 
improves  extraction  efficiency.  Output  coupling  was  optimized  following  Degnan,^  with  some  slight  modifications 
to  account  for  the  zigzag  slab  amplifying  medium  and  the  ring  cavity  geometry.  Unidirectional  lasing  in  the  ring 
was  achieved  with  an  external  mirror  which  during  the  buildup  phase  of  the  pulse  would  reflect  the  output  in 
one  direction  back  into  the  cavity,  thereby  favoring  the  opposite  direction.  Although  seeding  could  also  impose 
unidirectional  lasing,  the  improved  stability  of  the  output  in  long  pulse  mode  and  the  ease  of  alignment  made 
this  the  preferred  setup  for  unidirectionality.  The  cavity  length  was  approx.  48cm  and  in  order  to  obtain  a 
stable  cavity  a  /  =  1.5m  lens  was  added.  Single  transverse  operation  was  monitored  with  a  beam  profiler  and 
self- referencing  interferometer 


3.  AMPLIFIER 


The  amplifier  was  a  commercial  odd-bounce  zigzag  slab  amplifier  with  a  rectangular  cross  section  of  6  x  3mm^. 
The  slab  was  pumped  over  approx.  QOrmn  by  an  80-bar  diode  array  with  a  max.  15%  duty  cycle.  Output  from 
the  oscillator  was  fed  through  a  square  aperture  which  was  relay  imaged  into  the  amplifier.  In  the  second  pass 
the  beam  was  spatially  separated  from  the  first  pass  and  again  relay  imaged  into  the  amplifier  to  avoid  diffraction 
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Figure  2:  Brillouin  reflectivity  and  transmissivity 


losses  and  possible  hot  spots  in  the  beam  profile.  After  two  passes  through  the  amplifier  the  beam  intensity 
profile  was  severely  distorted  even  without  pumping.  In  view  of  the  high  pulse  energies  in  4-pass  amplification 
phase  conjugation  was  essential  to  correct  for  these  aberrations  and  thereby  avoid  amplifier  damage.  A  Faraday 
isolator  separated  the  overlapping  input  and  output  beams  from  the  amplifier.  Subsequently  the  radiation  could 
be  used  in  non-linear  optical  wavelength  conversion  schemes. 


4.  PHASE  CONJUGATION 

Filtered  HPLC-grade  Freon-113  was  used  in  the  SBS  phase  conjugator.  A  MOPA  type  double  cell  setup  was 
used  to  lower  the  threshold  and  enhance  reflectivity.  The  incoming  square  cross  section  3  x  3mm^  beam  was 
focused  with  /  =  200 myn  and  /  =  50mm  lenses  into  the  quartz  cells.  In  Fig. 2  the  Brillouin  reflectivity  is  shown 
at  a  pulse  repetition  rate  of  400pps  for  257i.s  pulses.  Due  to  the  poor  beam  profile  the  intensity  at  the  focus  is 
difficult  to  predict  but  repeatable  phase  conjugation  with  high  fidelity  could  be  routinely  obtained.  Measurements 
of  the  beam  profile  and  phase  front  before  and  after  amplification  showed  excellent  phase  front  restoration.  Even 
for  a  double  moded  input  (due  to  damage  on  the  oscillator  slab)  the  phase  conjugation  faithfully  reproduced  the 
input  mode  structure. 


5.  SYSTEM  PERFORMANCE 

Previously  the  Brewster  angled  and  brick  slab  oscillators  were  limited  to  operation  up  to  400Hz.^  The  current 
zigzag  slab  oscillator  allowed  operation  up  to  ikHz  with  pulse  energies  up  to  3.5mJ.  This  relatively  low  pulse 
energy  was  due  on  the  one  hand  to  higher  losses  in  the  zigzag  slab  and  on  the  other  hand  to  a  smaller  stored 
energy.  For  a  doubled  pumping  load  the  pulse  energies  increased  to  linnj  but  residual  thermal  lensing  and 
deformation  of  the  slab  limited  the  operation  to  400Hz.  Higher  pumping  load  caused  degraded  output  quality 
and  damage  to  the  LiNbOs  Q-switch.  Measurements  of  the  amplifier  gain  showed  a  cw  small  signal  gain  of 
approx.  3  at  maximum  diode  current.  However  the  pulsed  gain  was  significantly  lower  due  to  saturation  and 
possibly  transient  effects,  as  shown  in  Fig. 3.  At  low  repetition  rate  the  amplifier  pump  pulse  duration  could  be 
extended  resulting  in  an  increased  gain.  At  high  repetition  rate  the  maximum  duty  cycle  of  the  amplifier  limited 
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Figure  3:  Amplifier  gain  at  lOpps  as  a  function  of  input  energy. 


the  gain.  Due  to  the  non-linear  dependence  of  the  SBS  reflectivity  on  the  input  pulse  energy,  most  efficient  4-pass 
amplification  occurred  at  400pps  resulting  in  an  output  of  over  20W.  At  higher  repetition  rates  the  decreased 
oscillator  pulse  energy  in  combination  with  the  limited  pump  pulse  duration  in  the  amplifier  limited  the  efficiency 
and  ultimately  the  output  power.  For  example  at  SOOpps  the  average  output  power  had  increased  to  just  over  25 
Watt.  Higher  pumping  power  in  the  amplifier  will  further  increase  the  efficiency  and  result  in  good  SBS  reflection 
at  higher  repetition  rate.  Current  work  is  also  aiming  at  improving  the  thermal  management  in  the  oscillator 
slab  which  will  enable  higher  oscillator  energies  and  better  SBS  reflection. 
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ABSTRACT 

Design  and  performance  details  of  a  High  Energy  Diode  Pumped  Slab  Amplifier  (HEDPSA)  system  are  given.  The  output 
from  a  200  millijoule  commercial  gaussian  coupled  Nd:YAG  laser  is  amplified  to  1  Joule  per  pulse  with  good  beam  quality  at 
a  repetition  rate  of  20  Hz.  The  system  comprises  two  zigzag  geometry  Nd:YAG  slab  amplifier  stages  pumped  by  2D 
semiconductor  laser  diode  arrays.  Details  of  the  amplifier  optical  design  are  given,  highlighting  the  techniques  used  for 
compensation  of  thermal  distortions  in  the  laser  slabs.  Thermal  lensing  results  show  good  agreement  with  thermal  and  optical 
models  of  the  system.  Good  agreement  is  also  shown  with  theoretical  models  of  amplifier  performance. 

Keywords:  Diode  pumped;  Nd:YAG  slab  amplifier 


1.  INTRODUCTION 

Pilkington  Optronics  Glasgow  (POG)  has  been  assessing,  under  contract  to  the  Defence  Research  Agency  (DRA),  the  design 
options  and  performance  limits  for  a  diode-pumped  Nd:YAG  zigzag  slab  amplifier  system  producing  1  Joule  per  pulse  at  a 
repetition  rate  of  20  Hz.  The  system  has  been  designed  as  a  laboratory  demonstrator  and  has  employed  commercial  grade 
optics  and  mounts  throughout  with  the  exception  of  the  zigzag  slab  pumphead  assemblies,  which  were  developed  in-house. 
The  design  of  the  pumphead  is  such  that,  with  relatively  little  effort,  it  can  be  substantially  reduced  in  size  and  absorbed  into 
the  body  of  a  suitably  designed  laser  frame.  The  number  of  optics  and  mount  can  also  be  reduced  for  an  engineered  version  of 
this  system,  with  the  necessary  adjustments  greatly  simplified. 

One  of  the  major  goals  of  this  work  was  to  assess  the  achievable  beam  quality  of  such  a  system  avoiding  the  use  of  spatial 
filtering  or  phase  conjugation  techniques  which  are  extremely  sensitive  to  mechanical  and  thermal  instabilities  and  do  not  lend 
themselves  readily  to  the  production  of  engineered  or  militarised  systems. 


2.  AMPLIFIER  DESIGN 


The  output  from  a  commercial,  flashlamp-pumped  scientific  NdiYAG  laser  was  amplified  in  a  two-stage  zigzag  slab  amplifier 
to  produce  1  Joule  per  shot  at  20  Hz  in  a  20  ns  pulse.  The  oscillator  is  a  gaussian  mirror-coupled  unstable  resonator  which  is 
pumped  at  a  fixed  20  Hz  in  order  to  match  the  rod  thermal  lens  to  the  cavity.  Lower  repetition  rate  Q-switching  can  be 


achieved  by  reducing  the  frequency 


at  which  the  Q-switch  is  fired  according  to 


Hz,  where  N  is  a  whole  number  from  1 


to  20.  The  diode  pumped  amplifier  system  however,  can  operate  at  any  repetition  rate  from  1  to  30  Hz  without  active 
compensation  for  induced  thermal  lensing.  The  complete  optical  layout  is  shown  in  Figure  1. 


Key  features  of  the  amplifier  design  are  the  off-axis  orientation  of  the  ll-bounce  Nd:YAG  slabs  and  the  use  of  a  45°  tilted 
porro  prism  to  provide  astigmatism  compensation.  Two  slab  amplifier  stages  were  used  in  order  to  minimise  the  heat  load  per 
stage  and  to  avoid  high  pumping  levels  in  the  slabs,  avoiding  significant  ASE  losses.  The  porro  knife  edge  is  oriented  at  45° 
to  the  slab  x  and  y  axes.  This  provides  beam  mixing  such  that  when  the  system  is  double  passed,  the  beam  x  and  y  axes  are 
interchanged  and  all  parts  of  the  beam  experience  the  same  degree  of  wavefront  distortion.  This  technique  compensates  for 
astigmatism  and  produces  an  output  beam  which  has  a  very  small  amount  of  spherical  lensing  only  and  which  can  be  easily 
corrected  by  spherical  optics  in  the  output  leg.  The  porro  also  flips  the  linear  polarisation  from  p-plane  in  the  first  pass  to  s- 
plane  in  the  second  pass,  which  is  then  coupled  into  the  output  leg  by  the  output  coupling  polariser.  Each  slab  tip  is  angled  at 
36°,  with  each  slab  orientated  at  18°  to  the  circulating  beam  so  that  the  end  face  coatings  can  provide  low  loss  for  both  s  and  p 
polarisations.  This  permits  (by  way  of  increased  efficiency)  the  pumping,  and  hence  the  heatload  in  each  slab,  to  be 
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minimised  which  in  turn  reduces  the  resultant  thermal  distortions.  Thus,  the  resultant  spherical  lens  is  also  very  small.  The 
simulated  comer  cube,  composed  of  an  amici  prism  and  a  right  angle  prism,  was  necessary  due  to  the  relatively  large 
separation  of  the  two  amplifier  legs;  a  single  piece  used  here  would  carry  a  higher  risk  of  self-focusing  damage  and  would  be 
relatively  expensive.  In  a  future  engineered  system,  the  two  stages  could  be  much  closer  together  and  a  more  traditional,  solid 
comer  cube  could  be  used. 


Each  slab  is  pumped  by  a  2D  array  of  quasi-cw  diode  laser  bars  comprising  4  modules  of  50  stacked  bars  (200  bars  total  per 
column).  These  were  fabricated  to  order  by  McDonnell  Douglas  Aerospace,  St.  Louis,  Mo.  and  include  integral  heatsinks  and 
water  cooled  mounts.  Each  diode  column  forms  an  emitting  area  6cm  long  by  1cm  wide  which  is  close  coupled  to  the  slab 
pump  surface.  At  55 A  drive  current,  each  column  produces  close  to  lOkW  of  peak  power  with  the  emission  wavelength 
centred  on  806  ±  2nm.  Figure  2  shows  the  two  slab  pumpheads  with  their  respective  diode  arrays  in  close  proximity. 


Figure  2  Photograph  of  Slab  Pumpheads  and  Diode  Columns 


The  slab  heatsinks  and  the  diode  columns  are  cooled  in  series  using  a  closed  loop  arrangement  with  a  recirculating  chiller 
maintaining  a  coolant  temperature  of  23  °C.  The  coolant  consists  of  a  25%  solution  of  ethylene  glycol  in  water  to  provide 
freeze  protection  to  -12°C.  A  corrosion  inhibitor  is  also  included  in  the  solution  since  there  are  dissimilar  metals  in  the  slab 
pumpheads  and  diode  pump  column  heatsinks.  Approximately  150W  total  waste  heat  is  removed  from  the  system  at  a 
flowrate  of  2  litres  per  minute. 
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3.  RESULTS 


In  order  to  achieve  good  beam  quality  preservation 
throughout  the  amplifier  system,  it  is  vitally  important  that  the 
slabs  be  bonded  to  their  heatsinks  in  a  stress-free  manner. 
This  is  achieved  at  POG  by  a  proprietary  process  which 
results  in  very  low  stress-induced  wavefront  distortion  (Strehl 
ratios  typically  greater  than  0.8  are  routinely  achieved)  and 
little  or  no  stress-induced  depolarisation  across  the  slab  width, 
as  indicated  in  Figure  3.  Early  test  results  also  show  little 
change  in  the  depolarisation  levels  over  wide  temperature 
ranges  (-20°C  to  +50°C). 


Finite  element  models  of  the  slabs  were  constructed  to  model  the  thermal  effects  on  distortion  of  an  ideal  wavefront 
propagating  through  a  pumped  slab.  A  full  3-dimensional  absorption  map  is  matched  to  the  Finite  Element  mesh,  and  with 
simulated  water  cooling  at  the  base  of  the  slab  heatsink,  a  thermal  solution  for  the  model  was  generated  using  ANSYS,  a 
Finite  Element  Analysis  tool.  The  optical  behaviour  of  the  pumped  slabs  was  assessed  by  calculating  the  deviation  of 
different  ray  paths  through  the  slabs.  Beam  deviations  occur  due  to  path  length  variations  caused  by  local  refractive  index 
changes,  thickness  variations  and  reflections  at  distorted  slab  surfaces.  These  individual  components  were  calculated  and 
added  to  produce  a  composite  deviation  for  both  s  and  p  polarisations  in  the  zx  and  zy  planes.  From  this,  an  effective  beam 
divergence  was  evaluated,  which  was  minimised  by  the  application  of  a  suitable  spherical  lens  to  the  raw  data,  giving  an 
indication  of  the  active  power  in  the  slabs.  These  calculations  indicated  pump  induced  lenses  of  around  0.068  dioptres  for  the 
double  passed  system  with  astigmatism  compensation.  Measurements  of  the  pump  induced  lensing  in  a  single  slab  have 
confirmed  weakly  formed  thermal  lenses,  and  identical  measurements  using  a  plane  mirror  indicated  astigmatism,  as 
expected,  which  was  not  present  using  the  45°  porro  prism.  The  system,  double  passed  with  a  45°  porro  prism,  exhibited  an 
active  lens  of  0.063  dioptres  when  pumped  at  20Hz  at  a  diode  current  of  45 A,  equivalent  to  an  absorbed  heat  load  of  7.3 W  per 
slab. 

Small  signal  gain  measurements  show  gain  clamping  above  diode  currents  of  45A.  This  could  be  due  to  ASE  but  is  more 
likely  to  be  the  result  of  a  parasitic  oscillation  since  the  roll-off  observed  is  quite  abrupt.  Figure  4  shows  gain  measurements 
at  three  positions  across  the  slab  width,  indicating  good  gain  uniformity,  and  the  predicted  gain  from  a  computer  analytical 
model.  During  the  course  of  system  optimisation,  it  was  determined  that  pumping  around  the  50A  drive  level  was  sufficient 
to  ensure  IJ  output  from  the  system  (Figure  5),  so  the  gain  clamping  observed  did  not  significantly  impact  the  system 
performance  or  efficiency. 


Figure  3  Slab  Depolarisation  After  Bonding 


Figure  4  Single  Pass  Small  Signal  Gain  in 
Single  Slab 


Figure  5  Full  System  Output  Energy  vs  Diode 
Drive  Current 
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At  a  system  output  of  IJ,  the  total  diode  pump  optical  power  was  62 W,  indicating  an  optical  to  optical  amplifier  (extraction) 
efficiency  of  27%.  With  a  diode  electrical  to  optical  efficiency  of  40%,  diode  driver  efficiency  of>80%  and  high  voltage 
power  supply  efficiency  of  88%,  this  indicates  a  total  amplifier  electrical  to  optical  efficiency  of  6,8%  (excluding  cooling). 

Beam  quality  preservation  was  observed  to  be  excellent  for  the  double  passed  system.  The  input  beam  from  the  commercial 
oscillator  was  analysed  just  after  passing  through  the  output  coupling  polariser  on  entry  into  the  amplifier  chain.  The 
divergence-diameter  product  was  measured  to  be  2.5  mm.mrad  for  90%  contained  energy  using  a  Big  Sky  Beamcode™  6,0 
beam  profiling  system.  At  IJ  output  and  20Hz  repetition  rate,  the  output  beam  was  measured  to  be  3.1  mm.mrad.  This  was 
only  1.24  times  worse  than  the  input  beam,  within  the  target  specification  of  30%  beam  quality  degradation.  Figure  6  shows 
the  far  field  beam  profiles  of  the  input  and  output  beams.  Shot  to  shot  jitter  was  measured  to  be  less  than  lOprad. 


' 
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Figure  6  Far  Field  Spatial  Profiles  of  Input  Beam  (left)  and  Amplified  Output  Beam  (right) 


4.  CONCLUSIONS 

We  have  demonstrated  operation  of  a  IJ,  20Hz  diode-pumped  Nd:YAG  zigzag  slab  amplifier  system.  Beam  quality 
preservation  was  shown  to  be  excellent  and  within  the  30%  degradation  limit  set  by  the  customer  specification.  The 
astigmatism  compensation  technique  described  was  used  successfully  to  produce  an  output  beam  with  a  very  small  amount  of 
active  spherical  power  and  with  low  jitter.  The  slab  pumphead  geometry  is  such  that  it  can  be  incorporated  into  a  ruggedised 
design  with  relatively  little  effort.  Future  upgrades  to  this  system  can  include  a  diode-pumped  oscillator  which  will  allow 
operation  at  any  repetition  rate  up  to  30Hz  or  above,  depending  on  the  type  of  cooling  used. 
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ABSTRACT 

A  novel  multi-rod  cw  Nd:YAG  laser  with  4kW  output  power  through  a  optical  fiber  has  been  developed.  We 
adopted  an  unique  YAG  rod  arrangement  which  minimizing  a  distance  between  adjacent  rods.  By  using  such  a 
resonator,  the  laser  output  power  of  4.8kW  was  extracted  from  the  laser  resonator  at  an  oscillation  efficiency  of  3.9%. 
The  fiber  power  transmission  with  a  fused  silica  fiber  of  1.0mm  diameter  is  possible  for  the  delivered  laser  power  of 
4.4kW  with  transmission  efficiency  of  about  92%,  which  is  as  same  as  a  theoretical  reflection  loss  at  end  surfaces. 
Welding  experiments  using  the  developed  4kW  YAG  laser  with  a  fiber-connected  multi-joint  robots  showed  excellent 
performance  of  10mm  penetration  for  stainless  steel  welding  and  of  more  than  4mm  penetration  for  aluminum  alloys. 

KeywordsrYAG  laser,  laser  resonator,  fiber  delivery,  optical  fiber,  welding,  stainless  steel,  aluminum  alloy 


l.INTRODUCTION 

Recently,  high  average  power  NdrYAG  lasers  more  than  2kW  have  been  developed  and  already  used  as  industrial 
tools.  Such  high  power  YAG  lasers  can  be  used  for  deep  penetration  welding,  high  speed  welding,  thick  plate 
cutting,  high  speed  cutting,  surface  treatment  and  so  on,  which  have  been  performed  by  CO2  lasers.  Compared  to 
CO2  lasers,  YAG  lasers  have  following  advantages  as  an  industrial  laser; 

*  shorter  wavelength,  results  in  higher  absorption  for  metals, 

*  transmission  of  laser  power  through  flexible  optical  fibers, 

*  normal,  che^  fused  silica  optics  can  be  used, 

*  high  peak  pulse  oscillation  is  possible, 

*  compactness  of  laser  head 

The  most  popular  method  to  increase  output  laser  power  of  YAG  laser  is  to  arrange  multiple  rods  pumped  by  arc 
lamps  in  serial  within  the  laser  resonator  Other  type  of  YAG  lasers,  such  as  a  slab  type3-6  and  a 
LD-pumped5-7^  have  also  been  developed,  but  their  output  power  is  still  lower  and  they  are  not  sophisticated  as  an 
industrial  laser  up  to  now.  Another  approach  such  as  combining  several  laser  beams8»9  have  also  been  investigated, 
which  increase  the  laser  power  at  a  work  piece.  But  these  systems  inevitably  be  more  complicated  and  larger,  which 
are  not  suitable  for  practical  use. 

In  order  to  develop  industrial  high  power  continuous  wave  (cw)  YAG  lasers,  we  chose  YAG  rod  as  a  laser  medium 
and  Kr  arc  lamp  as  a  method  of  laser  pumping.  We  have  adopted  unique  rod  arrangement  suitable  for  maximizing  the 
laser  output  power  and  developed  YAG  lasers  of  2,3,4kW,  respectively.  In  this  paper,  we  describe  features  and 
characteristics  of  the  developed  4kW  YAG  laser  and  results  of  application  experiments  using  the  4kW  YAG  laser 
system. 
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2.LASER  SYSTEM 


2.1  Design  and  construction 

In  case  of  the  multi-rod,  arc-lamp-pumped  cw  YAG  lasers,  two  methods  are  possible  to  increase  output  laser 
power.  One  is  to  increase  the  power  per  rod,  another  is  to  increase  the  number  of  rods.  We  chose  the  latter  method, 
because  the  cost  of  long  rod  (200-250mm)  was  much  more  expensive.  Design  concept  of  our  YAG  laser  is  to 
maximize  the  output  laser  power  while  keeping  the  beam  quality  necessary  for  coupling  into  an  optical  fiber.  In 
order  to  accomplish  the  above  purpose,  we  minimize  distance  between  adjacent  YAG  rods  by  inventing  a  structure  of 
lamp  houselO-  shows  comparative  schematic  drawings  of  our  laser  construction  and  conventional  one.  In 

case  of  the  developed  laser,  one  of  the  pumping  unit  composed  by  one  YAG  rod  and  two  arc  lamps  is  rotated  axially 
with  respect  to  the  neighboring  units  and  the  protruded  lamps  are  overlapped  with  the  neighboring  rod.  By  utilizing 
such  a  modular  arrangement,  the  rod  spacing  between  adjacent  two  rods  can  be  shortened,  thus  resulting  in  lower 
coupling  losses  between  the  adjacent  rods  and  also  in  easy  alignment  of  optical  axis  of  YAG  rods. 

Fig.2  shows  a  developed  4kW  YAG  laser  oscillator,  which  uses  8  rods  of  153mm  length  and  16  arc  lamps.  The 
size  of  it  is  2400mm  in  width,  900mm  in  depth  and  1700mm  in  height,  which  must  be  very  compact. 

One  of  the  important  parameter  of  multi-rod  YAG  laser  is  a  curvature  of  YAG  rod.  Fig.3  shows  the  relationship 
between  the  rod  curvature  and  the  beam  divergence  angle  (full  angle)  at  the  maximum  output  in  case  of  one  rod  test 
equipment.  The  divergence  angle  decreased  monotonously  with  decreasing  the  rod  curvature.  This  result  was  well 
agree  with  theoretical  one  calculated  using  a  ray  matrix  method!  1.  In  this  case  the  maximum  output  laser  power  also 
decreased  slightly,  but  the  beam  intensity  calculated  by  these  two  parameters  increased  with  decreasing  the  curvature. 

It  was  also  confirmed  experimentally  that  these  results  with  one  rod  system  well  agreed  with  those  with  any 
multi-rod  systems.  We  chose  the  rod  curvature  of  -Im  concave  for  the  4kW  system,  because  it  is  small  enough  to 
launch  into  1.0mm  fiber. 

2.2  Performance  of  4kW  YAG  laser 

Fig.4  shows  the  change  of  the  laser  power  and  the  beam  divergence  angle  against  the  input  lamp  power  with  4kW 
system.  A  maximum  laser  power  of  4.8%  was  obtained  at  an  oscillation  efficiency  of  3.9%  and  the  slope  efficiency 
of  about  6%.  It  is  also  possible  to  operate  at  pulse  oscillation  mode  by  using  a  lamp  current  modulation,  which 
enables  to  enhance  the  peak  laser  power  to  about  double  of  the  averaged  laser  power. 

Fig.5  shows  the  result  of  fiber  delivery  test  with  4kW  YAG  laser,  where  the  type  of  silica  fiber  is  step  index  (SI), 
a  core  diameter  is  1.0mm,  a  numerical  aperture  (NA)  is  0.20,  and  a  length  is  10m.  The  transmission  efficiency  was 
92-93%  which  almost  as  same  as  a  theoretical  reflection  loss  at  the  fiber  end  surfaces.  Even  at  the  fiber  delivery 
experiments  with  a  100m  fiber,  the  transmission  loss  increased  only  about  5%. 

3.APPLICATIONS  OF  YAG  LASERS 

3.1  Experimental  setup 

One  of  the  advantages  of  fiber  beam  delivery  is  use  of  multi-joint  robot  for  a  material  processing  system  with 
YAG  laser,  because  the  multi-joint  robot  is  suitable  for  3-dimensional  processing  and  it  is  much  cheaper  than  a 
gantry  type  system  used  for  CO2  laser.  Fig.6  shows  a  schematic  of  YAG  laser  processing  system,  where  the  4kW 
YAG  laser  is  connected  with  a  6-axis  multi-joint  robot  by  the  optical  fiber. 

A  focusing  unit  which  uses  4  fused  silica  lenses  to  converge  the  laser  beam  was  installed  at  a  wrist  of  the  robot,. 

A  shielding  gas  was  supplied  coaxially  with  the  laser  beam  from  the  center  of  the  focusing  unit  nozzle.  The 
minimum  spot  diameter  obtained  by  this  focusing  unit  is  about  1.0mm. 

In  order  to  investigate  basic  welding  properties  of  4kW  YAG  laser,  bead-on-plaie  welding  tests  were  performed 
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using  test  pieces  of  stainless  steel  and  aluminum  alloys.  In  case  of  aluminum  alloy  welding,  the  focusing  unit  was 
inclined  slightly  in  ordo-  to  avoid  damage  of  an  exit  end  of  optical  fiber  caused  by  a  reflection  of  laser  beam  from  the 
surface  of  aluminum  alloy  test  pieces. 

3.2  Welding  performance  of  4kW  YAG  laser  in  stainless  steel 

10mm  thickness  test  pieces  of  stainless  steel  type  304  were  used  for  the  bead-on-plate  welding  test. 

The  effect  of  the  laser  power  on  the  penetration  depth  and  the  bead  width  is  represented  in  Fig.7,  where  the  welding 
speed  is  17mm/s  and  the  oscillation  mode  is  cw.  The  penetration  depth  increased  with  the  laser  power.  But  at  the 
point  around  1.6kW,  the  penetration  depth  increased  extremely.  It  must  be  the  threshold  point  for  the  change  from 
the  heat  conduction  type  welding  to  the  keyhole  type  welding,  corresponding  to  the  laser  beam  intensity  at  tlie  test 
piece  of  2.0xl05W/cm2.  This  value  with  YAG  laser  is  much  lower  than  that  with  CO2  laser  of  lO^W/cm^  12, 
which  is  explained  by  the  difference  of  absorption  coefficient  of  laser  beam.  As  for  the  change  of  the  bead  v  iddi  in 
Fig,7,  it  also  increased  extremely  at  1.6kW,  but  the  increasing  rate  above  the  threshold  is  lower  than  that  cf  the 
depth.  So  that  it  can  be  found  that  the  aspect  ratio  of  the  weld  bead  increases  with  increasing  the  laser  power. 

Fig.8  shows  the  effect  of  the  welding  speed  and  the  shielding  gas  sort  on  the  penetration  depth  and  the  bead  width, 
where  the  oscillation  mode  is  cw.  The  penetration  depth  increased  with  decreasing  the  welding  speed.  There  was  no 
saturation  phenomenon  of  penetration  depth  caused  by  plasma  absorption  as  observed  in  CO2  laser  welding  at  slow 
welding  qieedl^.  To  study  the  effect  of  the  sorts  of  shielding  gas.  He,  Ar  and  N2  were  used  respectively.  It  can  be 
said  from  Fig.8  that  the  effect  of  the  shielding  gas  sort  is  negligible  for  the  case  of  stainless  steel  welding. 

The  effect  of  pulse  mode  oscillation  on  the  welding  characteristics  was  represented  in  Fig.9  comparing  with  cw 
oscillation,  where  the  averaged  laser  power  is  2kW.  The  waveform  of  pulse  oscillation  is  rectangular,  the  frequency 
is  lOOHz,  the  duty  is  50%,  so  that  the  peak  power  is  4kW.  The  penetration  depth  was  found  to  increase  by 
changing  the  oscillation  mode  from  cw  to  pulse  by  1.5-2  times.  On  the  other  hand  the  bead  width  with  pulse 
oscillation  was  much  smaller  than  that  with  cw  oscillation.  So  it  can  be  said  that  it  is  possible  to  control  the  weld 
cross  section  by  changing  the  pulse  waveform. 

3.3  Welding  performance  of  4kW  YAG  laser  in  aluminum  alloys 

Generally  with  2kW  class  cw  YAG  lasers,  the  pulse  oscillation  which  enables  to  enhance  the  peak  laser  power  is 
used  for  aluminum  alloy  welding,  because  the  beam  intensity  is  insufficient  to  keyhole  welding.  But  it  is  possible 
to  obtain  deep  penetration  more  than  3mm  with  cw  oscillation  mode  by  using  the  developed  4kW  YAG  laser. 
Fig.  10  shows  the  effect  of  the  welding  speed  on  the  penetration  depth  with  cw  oscillation  mode  of  4.2kW,  where  the 
thickness  of  test  piece  is  6mm,  material  of  test  pieces  are  A5052  and  A5083  respectively. 

In  case  of  cw  welding  shown  in  Fig. 10,  the  aspect  ratio  of  the  weld  bead  is  low  (less  than  1)  because  of  the  effect 
of  heat  conduction.  As  same  as  the  case  of  stainless  steel  welding  shown  in  Fig.9,  it  is  possible  to  increase 
penetration  depth,  resulting  in  the  aspect  ratio,  by  using  the  pulse  oscillation.  Fig.l  1  shows  the  cross  section  of 
welds  with  pulse  oscillation,  where  the  averaged  laser  power  is  3.8kW  and  the  peak  laser  power  is  6.5kW.  Full 
penetration  is  observed  in  Fig.l  1  for  6mm  of  A1 100,  4mm  of  A6N01  and  4mm  for  A5052.  But  the  evaporation  of 
impurity  metals  involved  in  aluminum  alloys  causes  a  formation  of  underfill  defect  at  the  surface  of  test  piece,  when 
the  pulse  oscillation  is  used.  As  for  the  stability  of  welding  and  the  appearance  of  bead  surface,  cw  oscillation  is 
better  than  pulse  oscillation. 

3.4  Practical  applications  of  4kW  YAG  laser 

We  have  also  studied  practical  applications  of  high  power  YAG  lasers.  Example  of  applications  are  listed  below; 

*  high  speed  butt  welding  of  sheet  metal:0.7mm+ 1.4mm  at  lOOmm/s 

*  high  speed  lap  welding  of  sheet  metal:0.8mm+0.8mm  at  58mm/s 

*  thick  plate  butt  welding  of  stainless  steel  with  filler  wire:7.6mm-i-7.6mm  (acceptable  gap  is  0.8mm) 


*  undCTwater  welding  of  stainless  steel  at  water  depth  of  30ni 

*  high  speed,  large  area  laser  cladding  of  steel 

4.CONCLUSIONS 

The  novel  multi-rod,  arc-lamp-pumped  4kW  cw  YAG  laser  was  developed  and  the  laser  performance  and  the 
welding  properties  were  studied  experimentally.  From  these  experiments  the  following  results  could  be  obtained. 

1) A  maximum  laser  power  of  4.8kW  was  attained  at  an  oscillation  efficiency  of  3.9%. 

2) A  laser  power  of  4.4kW  could  be  delivered  stably  with  a  transmission  efficiency  of  92%  through  the  silica  fiber 
of  1.0mm  diameter. 

3) A  maximum  penetration  of  10mm  was  obtained  for  stainless  steel  welding  with  4kW  YAG  laser. 

4)  A  deep  penetration  welding  more  than  3mm  could  be  performed  with  cw  oscillation  of  4kW  YAG  laser  for 
aluminum  alloys. 

5) A  full  penetration  welding  more  than  4mm  could  be  performed  with  pulse  oscillation  of  4kW  YAG  laser  for 
aluminum  alloys. 

Appearance  of  4kW  YAG  lasers  extends  an  application  field  of  high  power  cw  YAG  lasers.  Such  high  power 
YAG  lasers  will  be  used  not  only  in  place  of  low  cost  welders,  such  as  arc  welder  and  spot  welder,  but  also  in  place 
of  CO2  lasers  in  the  near  future. 
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Conventional 


Fig.l  Schematic  drawings  of  YAG  laser  construction 


ROD  CURVATURE  (m) 

Fig.  3  Relationship  between  rod  curvature  and  beam 
divergence  angle  with  one  rod  test  equipment 
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Fig.5  Change  of  delivered  laser  power  and  transmission 
efficiency  against  fiber  input  laser  power 


Fig.2  4kW  YAG  laser 


Fig.4  Change  of  laser  power  and  beam  divergence  angle 
against  input  lamp  power 
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Fig.7  Effect  of  laser  power  on  penetration  depth  and 
bead  width  for  stainless  steel  type  304 
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Fig. 9  Effect  of  oscillation  mode  on  penetration  depth 


for  stainless  steel  type  304 


Fig,8  Effect  of  welding  speed  and  sort  of  shielding  gas 
on  penetration  depth  and  bead  width  for  stainless 
steel  type  304 
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Fig.  10  Effect  of  welding  speed  on  penetration  depth  with 
cw  oscillation  for  A5052  and  A5083 
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Laser  power:3.8kW 
Welding  speed:8.3mm/s 
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Fig.l  1  Cross  section  of  welds  with  pulse  oscillation  for  aluminum  alloys 
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ABSTRACT 

A  new  method  for  obtaining  high-power  laser  beams  with  drastically  improved  beam  quality  for  fibre  coupling  is 
presented.  The  central  idea  is  to  use  variable  reflectivity  mirrors  (VRM)  as  outcoupling  mirrors  for  high-power  solid-state 
lasers  with  stable  resonators,  operated  near  the  maximum  power.  The  reflectivity  profile  of  the  VRM,  properly  chosen,  acts 
sijuilar  to  a  mode  aperture.  Without  any  further  modifications  of  the  laser,  the  beam  parameter  products  were  substancially 
reduced:  The  maximum  values  at  intermediate  pumping  powe  vere  reduced  to  the  beam  parameter  product  occuring  at 
the  highest  input  power.  The  laser  power,  howe  er,  was  not  reduced  within  the  principal  working  interval. 

Different  Nd:YAG  laser  systems  with  350  W,  1.9  kW,  and  3kW  maximum  output  power  were  equipped  with  VRM.  The 
1.9  kW  system  was  coupled  without  any  loss  of  power  into  a  400  /im  fibre  instead  of  the  600/^m  fibre  normally  used.  The 
influence  of  the  VRM  spot  size  on  laser  power  and  beam  parameter  product  (BPP)  was  investigated.  Furthermore,  was 
shown,  that  better  beam  quality  is  achieved  by  adding  further  laser  cavities  inside  the  resonator  instead  of  using  them  as 
external  amplifiers. 

Keywords:  High-power  laser,  stable  resonator,  variable  reflectivity  rmrror,  Gaussian  mirror,  beam  quality,  fibre  coupling 
coupling 

1.  INTRODUCTION 

High  power  Nd:YAG  lasers  have  become  reliable,  commerciallv  available  products  for  materials  processing.  Compared 
with  C02-laser  radiation,  the  1.06/^m  wavelength  is  better  coupled  into  the  material,  and  the  handling  is  flexible  due  to 
fibre  delivery.  Standard  fibre  core  diameter  in  the  kW  class  is  600//m.  With  outcoupling  optics,  the  endface  of  the  fibre  is 
imaged  onto  the  workpiece.  The  laser  beam  parameters  after  a  fibre,  thus  the  focusing  properties,  are  dependant  on  the 
fibre  core  diameter  and  the  fibre  entrance  angle,  also  roughly  being  the  fibre  exit  angle  \  To  increase  the  laser  power 
density,  respectively  the  workpiece  positioning  tolerances,  better  beam  qualiy  and  therefore  smaller  fibre  core  diameters 
are  necessary. 

2.  STABLE  RESONATORS  AND  VRM 

VRM  ’  for  stable  resonators  in  the  5  W-  power  range  substituted  mode  apertures  to  suppress  higher  order  modes  For 
higher  powers  around  400  W,  VRM  utilisation  for  beam  quality  improvement  was  characterized  by  a  laser  power  loss  of  at 
least  50%  ^  For  efficient  operation,  the  laser  has  to  be  operated  near  the  stability  limit.  The  beam  parameter  products 
(BPP)  of  solid  state  lasers  with  stable  resonators  depend  on  the  pumping  power  via  the  thermally  induced  refractive  power 
of  the  laser  rod.  The  trace  is  parabola -shaped,  with  the  lowest  values  occuring  at  the  edges  of  the  stable  region.  After  a 
maximum,the  near  field  diameter  iv  decreases  monotonously  with  rising  pumping  power,  whereas  the  far  field  divergence 
angle  0  becomes  larger  (measurements:  see  fig.  4). 

The  resulting  beam  parameter  product  w0  of  resonators  of  sufficient  lengths  therefore  exhibit  a  distinct  maximum.  This 
maximum  beam  parameter  product  is  related  to  the  stable  operating  regime  of  a  resonator  by 

),.ax  ^ 

^2  4 

r  rod  radius 

AD  interval  of  refractive  power  of  the  thermal  lens,  for  which  the  resonator  is  stable 
c  constant:  c=l  if  confocal  point  of  the  stability  diagram  is  hit;  otherwise  c=2 

The  coupling  optics  as  well  as  the  fibre  diameter  have  to  be  chosen  to  ensure  safe  coupling  for  this  maximum  value  of  the 
beam  parameter  product.  The  main  operating  regime  of  high  power  lasers  is  usually  near  the  maximum  power,  having 
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much  belter  beam  quality  than  at  intermediate  input  power  levels.  By  fibre  Iransmission,  however,  it  is  generally  made 
equal  to  the  maximum  value  of  the  beam  parameter  product. 

The  use  of  variable  reflectivity  mirrors,  also  known  as  gradient  reflectivity  or  (super-)  Gaussian  mirrors,  limits  the 
maximum  of  the  BPP  to  a  chosen  value  by  restricting  the  near  field  on  the  outcoupling  mirror  to  the  size  of  its  reflecting 
area  At  low  pumping  powers,  the  laser  power  is  reduced  due  to  missing  backcoupling  of  radiation  into  the  resonator.  At 
higher  input  powers,  the  thermal  lens  of  the  rod  contracts  the  beam  size  on  the  mirrors.  Therefore,  the  whole  beam 
diameter  is  coupled  back  and  no  reduction  of  laser  output  power  occurs.  For  optimum  operation,  the  diameter  of  the  VRM 
has  to  be  chosen  to  fully  support  the  beam  at  the  desired  pumping  power,  i.e.  the  diameter  of  the  reflecting  area  of  the 
VRM  should  roughly  be  equal  to  the  beam  diameter  on  a  homogeneous  outcoupling  mirror  at  maximum  input  power. 

3.  SINGLE  ROD  LASER  EXPERIMENTS 

First  experiments  for  experimental  verification  of  this  behaviour  were  perfonned  using  a  single-rod  ,  flashlamp-pumped 
Nd:YAG  laser  ®  (Lumonics  MS700,  rod  size  0  9.6mm,  length  160mm).  With  a  flat-flat  resonator  of  1.2  m  length,  this 
system  has  a  maximum  laser  output  power  of  360  W  at  12  kW  input  power.  The  homogeneous  outcoupling  mirror  was 
exchanged  for  VRMs  with  the  same  centre  reflectivity.  Their  radial  supergaussian  reflectivity  profiles  are  characterised  by 

R{r)  =  /?o 

(2) 

w:  1/e^  radius  of  the  reflecting  area;  Roi  centre  reflectivity;  r:  radial  coordinate;  n:  super-Gaussian  exponent. 

Profiles  with  different  diameters  (w=1.45...2.5mm)  but  with  an  identical  centre  reflectivity  (Ro=46%)  and  supergaussian 
exponent  (n=12)  were  used.  With  the  smallest  VRM,  the  maximum  beam  parameter  product  was  reduced  from  16  to  10 
mm*mrad.  The  maximum  output  power  remained  unchanged  (360  W).  The  results  are  shown  in  fig.  1. 
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Fig.  1:  Measured  output  power  (left)  and  beam  quality  (right)  of  synmietric  1.2m  flat- flat  resonators  with  one  09,6  mm, 
160nun  long  Nd:YAG  laser  rod  ®  (Lumonics  MS700).  Outcoupling  mirrors  were  a  homogeneous  standard  mirror 
(/?=46%)  and  a  set  of  gradient  reflectivity  mirrors  with  Ro-46%,  /2=12,  but  different  widths  w  of  the  super¬ 
gaussian  reflectivity  profile:  homogeneous  (not  profiled),  2.50  mm,  1.90  mm,  1.65mm,  1.45  mm. 

The  beam  parameter  product  was  determined  by  measuring  the  near  field  radius  and  the  far  field  divergence  angle  with  a 
CCD  camera  connected  to  a  digital  image  processing  system.  All  values  of  beam  radii,  angles,  and  parameter  products 
refer  to  a  power  content  of  86.5%. 

4.  MULTI-ROD  CW-LASER  EXPERIMENTS 

4.1:  Four  rods 

The  measurements  were  repeated  with  a  four-cavity  multirod  laser  with  plane  resonator  mirrors.  The  rods  were  equally 
spaced,  so  that  the  thermal  leases  acted  like  a  symmetric  lens  duct.  The  resonator  length  was  2.88  m,  being  equivalent 
with  a  resonator  module  length  of  0.72  m.  The  laser  rods  (08  mm,  length  200mm)  had  a  refractive  power  of  0.4dpt/kW 
each,  and  were  cw-pumped  with  discharge-lamps  up  to  16  kW  each  (commercial  HAAS  cavities  and  power-supplies).  The 
optimum  reflectivity  of  the  homogeneous  outcoupling  mirror  was  found  to  be  25%  for  the  4-rod  resonator.  The  maximum 
laser  power  was  1.9  kW,  and  the  maximum  BPP  was  22.0  mm*mrad. 
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With  a  VRM,  characterized  by  Ro^2S%,  w=lAmm  and  72=9.5,  also  1.9  kW  were  obtained,  whereas  the  maximal  beam 
parameter  product  decreased  to  17.5  irun*mrad.  The  laser  beam  was  coupled  into  a  400/7m  core  diameter  quartz  fibre  with 
cleaved  endfaces.  The  coupling  optics  was  a  telescope  consisting  of  a  spherical  f=750  mm  lens  and  a  aberration-corrected 
f=44  mm  lens.  The  cladding/core  ratio  of  the  used  fiber  is  1.2.  Behind  the  fibre,  the  transmitted  power  measured  was  1.9 
kW,  meaning  that  no  coupling  losses  occured. 

4.2;  Six  rods 

To  obtain  laser  powers  of  3  kW,  two  identical  cavities  were  added  as  amplifiers.  They  were  positioned  outside  the 
resonator  at  the  same  equal  distances  as  the  rods  inside  the  resonator.  The  measured  maximum  output  power  was  3.0  kW, 
the  largest  BPP  26.8  mm*mrad.  This  is  a  severe  degradation  of  beam  quality  compared  with  the  above  four-rod  laser.  It  is 
caused  by  gain  saturation,  which  results  in  stronger  amplification  of  the  slopes  of  the  laser  beam. 

Therefore,  the  set-up  was  transformed  into  a  six-cavity  resonator,  now  being  4.32  m  long.  The  module  length  was  not 
changed.  The  optimum  reflectivity  of  the  homogeneous  outcoupling  mirror  was  found  to  be  15%  for  the  6-rod  resonator. 
The  homogeneous  outcoupling  mirror  was  substituted  by  a  VRM  similar  to  the  one  used  with  four  rods,  the  centre 
reflectivity  being 15%.  This  yielded  3.0  kW  maximum  laser  power.  At  all  pumping  powers,  the  BPP  was  less  than  21.0 
mm*mrad  (see  fig.  3).  Further  improvements  can  be  obtained  by  using  smaller  VRM  spot  radii  and  longer  resonators. 


Fig^  Measured  laser  output  power  (left)  and  beam  parameter  product  (right)  of  the  the  six-rod  3kW  Nd:  YAG  laser. 
The  laser  power  at  the  maximum  input  power  is  not  reduced  by  substituting  the  homogeneous  outcoupler  by  a 
VRM.  The  beam  parameter  product  is  reduced  if  the  VRM  is  used  instead  of  the  standard  outcoupler.This  is 
caused  by  the  reduced  near  field  radius. 


Fjg.4:  Measured  input  power  dependance  of  the  near  field  radius  w  (left)  and  far  field  divergence  angle  0  (right)  of  the  six- 
rod  3kW  Nd:YAG  laser  described  above.  It  can  clearly  be  seen,  that  the  use  of  VRM  reduces  the  near  field  radius  on 
the  outcoupling  mirror.  A  VRM  with  a  smaller  reflecting  area  will  lead  to  further  near  field  reduction  for  pumping 
powers  between  30-35  kW.  The  divergence  angle  is  hardly  effected,  except  for  low  pumping  powers. 
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5.  SUMMARY  AND  OUTLOOK 

The  transverse  containment  of  the  near  field  distribution  by  using  VRM  as  outcoupling  elements  has  proven  to  increase  the 
beam  quality  of  different  Nd:YAG  power  lasers:  The  maximum  beam  parameter  product  of  a  350  W,  1.2  m  flat-flat 
resonator  was  reduced  from  16  to  10  mm*mrad,  that  of  a  1.9  kW  and  3.0  kW  multi  rod  laser  (resonator  module  length 
0.72  m)  from  22.0  to  17.5  mm*mrad  and  from  26.8  to  20.9  nun*mrad,  respectively.  The  maximum  output  powers  were 
not  reduced  by  this  modification. 

All  VRM  used  in  the  experiments  were  fabricated  on  a  Balzers  BAK  640  box  coater  of  the  LMTB  gGmbH  Partially,  a 
newly  developed  method  gaining  ultra -high  damage  thresholds  was  used. 

These  results  open  new  perspectives  for  6  to  7  kW  NdiYAG  lasers  by  building  oscillator-amplifier-setups  on  a  modular 
basis  One  possible  solution  consists  of  two  identical  six-rod-laser  systems.  The  first  system  is  left  unchanged  except  for 
the  outcoupling  mirror,  which  is  replaced  by  a  VRM.  The  laser  beam  is  coupled  into  a  400/^m  fiber.  The  resonator  of  the 
second  laser  system  is  removed.  The  endface  of  the  400/im  fiber  is  imaged  with  a  1:1  telescopic  imaging  optics  onto  the 
former  position  of  the  high-reflectance  resonator  mirror.  After  passing  the  six  amplifier  stages,  the  beam  is  coupled  into 
the  60Qwm  fiber  commercially  attached  to  the  laser  system. 
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High  energy  Nd:Cr:GSGG  lasers  based  on  phase  and  polarization  conjugated  multiple-pass  amplifiers 
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Abstract 

Lasers  based  on  Nd:Cr:GSGG  low-energy  oscillator  /  multiple-pass  amplifiers  produced  1.7  J  pulses  in  a  M^a2 
divergence  beam  at  2.4  %  electrical  efficiency.  Thermal  leasing  and  birefringence  correction  were  major  factors. 

L  Introduction 

High  energy,  high  efficiency  laser  development  is  advancing.  Electrical  efficiency  of  high  energy,  diode  pumped 
YAG  lasers  can  reach  5%.  Flashlamp  pumped  YAG  has  an  efficiency  of  1  to  2  %  in  Q-switched  power  oscillators.  Higher 
efficiencies  and  higher  energies  may  be  achieved  using  other  flashlamp  pumped  media.  Thus  Cr^^  in  Nd:Cr:GSGG 
(gadolinium  scandium  gallium  garnet)  crystals  absorbs  over  broad  bands  at  450  and  640  nm,  and  transfers  energy  to  Nd  via 
nonradiative  and  radiative  transitions.^’^  A  twofold  improvement  in  electrical  efficiency  results.  GSGG  has  a  lower  cross- 
section  than  YAG,  resulting  in  twice  the  energy  storage  capacity.’^^  GSGG  costs  three  times  as  much  as  YAG.  Its  thermal 
characteristics  are  inferior,  resulting  in  significant  aberrations  at  power  levels  20%  that  of  YAG.^^^  Thermal  limitations 
manifest  themselves  as  beam  distortions  and  reduced  output  energy.  In  this  work,  phase  conjugate  mirrors  (PCMs)  and 
Faraday  rotators  (FRs)  were  used  to  correct  phase  distortions  and  birefringence  in  a  quadruple-passed  GSGG  rod  amplifier. 

II.  Experimental  Setui) 

The  high  brightness  laser  consisted  of  a  TEM  OO  multiple  longitudinal  mode  (MLM)  oscillator  followed  by  a 
telescope  and  then  the  PCMPA  (figure  1).  The  GSGG  oscillator  was  of  the  reentrant  type  and  contained  a  3  m  radius  back 
mirror  separated  from  the  40%  reflectivity  output  coupler  and  100%  reentrant  mirror  by  a  1.5  m  cavity.* Tilted  etalons 
consisting  of  a  0.2  cm  thick  20%  reflectivity  etalon  and  a  0.02  cm  thick  uncoated  etalon  were  used  to  obtain  multipeaked 
spectra  with  bandwidths  (measured  with  a  Burleigh  Wavemeter)  of  40  and  10  GHz  (fiv’/iom)  without  and  with  etalons. 
(PCM  fidelity  was  better  with  the  narrower  bandwidth).  Durations  varied  with  PFN  energy,  but  were  kept  at  50  to  70  ns. 

The  beam  into  the  PCMPA  was  circular,  of  Gaussian  intensity  profile  without  diffraction  rings,  and  had  a  0.5  cm 
beam  diameter.  The  undersized  input  beam,  with  0.5  fill  factor,  is  typical  of  high  gain,  heavily  saturated  systems  where 
unsaturated  edge  gain  converts  a  Gaussian  input  into  a  flat-top  output  with  only  modest  diffraction  modulation.*^’ 

The  PCMPA  consisted  of  a  laser  head  surrounded  by  optics  required  for  beam  path  control  and  aberration 
correction.  The  Kigre  FDM  104  head  housed  a  1  by  10  cm  rod  and  two  close  coupled  flashlamps  (xenon  fill,  bore  =  0.5  cm, 
arc  length  =  8.4  cm,  Ko  =  22.7)  in  a  diffuse  reflector.  The  diffuser  substantially  reduced,  but  did  not  totally  eliminate,  pump 
inhomogeneities.  The  power  supply,  from  Kigre,  provided  150  ps  pulses  at  energies  up  to  91  J  for  average  power  to  2  KW. 

The  GSGG  amplifier  rod  was  from  Litton-Airtron.  Rod  faces  were  6°  parallel  and  AR  coated.  The  barrel  surface 
was  initially  fine  ground,  but  was  reworked  to  have  0.03  cm  deep  circular  grooves  to  test  whether  whispering  mode  parasitic 
oscillations  limited  gain  at  the  highest  pump  energies.  The  Nd  and  Cr  concentrations  were  1.65  and  2.47  at.  %  respectively. 

All  optics  used  to  control  the  beam  were  dielectric  coated.  AR  coatings  were  important  not  only  to  minimize 
losses,  but  also  to  limit  parasitie  oscillations  and  stray  damage  producing  beams.  Because  double  pass  gain  could  reach  730, 
reflections  from  AR  coated  surfaces  had  to  be  less  than  0.14  %  to  prevent  parasitic  oscillations  with  the  100  %  reflectivity 
dielectric  double  pass  mirror.  This  is  lower  than  specified  AR  reflectivities,  so  all  surfaces  were  tilted.  Stray  beams  (>10 
ml)  were  a  hazard  if  they  originated  from  or  impaeted  on  concave  beam  focusing  surfaces.  Damage  occurred  during  testing. 

Faraday  rotators  (FR)  were  from  Electro-Optics  Technology  (TGG  crystals  in  permanent  magnet  housings).  The 
damage  issue  was  critical  because  once  initiated,  a  black  compound  formed  and  rapidly  increased  in  size. 

Oscillator  pulse  width  was  fixed  by  damage  threshold.  Beam  overlap  in  the  heavily  saturated  amplifier  resulted  in 
light  electric  fields  that  were  largest  in  the  second  polarizer,  where  three  passes  overlapped.  This  is  one  reason  that  50-70 
ns  pulses  were.  Extra  protection  (1.4X)  to  some  optics  was  provided  by  inserting  the  1/4A,  plate  after  polarizer  2. 

One  reflection  from  a  single  phase  conjugate  mirror  was  used.  This  arrangement  was  based  on  past  experience  that 
showed  beam  quality  degradation  (filaments)  as  the  number  of  single  or  multiple  cell  reflections  increased.  The  present 
arrangement  produced  no  hot  spots,  but  stressed  the  PCM  in  that  it  had  to  correct  for  two  passes  of  phase  distortion.  The 
PCM  consisted  of  a  stainless  steel  cell  containing  70  atm  of  CH,.  The  rear  of  the  cell  contained  a  conical,  diffuse  scattering 
beam  dump  that  eliminated  parasitic  oscillation  inducing  retroreflections.  The  cell  was  sealed  with  a  1  cm  thick  AR/AR 
coated  window.  The  focusing  lens  was  a  R=50  cm  planoconvex  AR/AR  coated  lens.  The  lens  could  be  tilted  to  add 
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astigmatism,  and  thus  counter  some  of  the  astigmatism  incurred  during  the  first  two  passes.  This  resulted  in  better  ray 
mixing  within  the  focal  region  and  in  better  high  average  power  PCM  fidelity.  Uncorrected  astigmatism  in  nonstigmatic 
focus  PCMs  has  been  reported.^^^  Methane  was  selected  because  its  reflection  characteristics  were  the  least  sensitive  to  input 
bandwidth  of  all  materials  tested  by  us.  The  long  focal  length  lens  insured  that  high  energy  (  1  J)  breakdown  did  not  occur. 
CH4  is  a  slow  SBS  material  with  a  characteristic  response  time  of  40  ns  (Another  reason  to  use  50-70  ns  pulses). 

A  divergence  compensating  telescope  was  placed  between  FR2  and  the  0°  dielectric  mirror.  This  telescope  was 
added  when  it  was  found  that  strong  thermal  lensing  caused  the  beam  to  focus  onto  the  PCM  input  window  resulting  in 
damage.  The  telescope  was  set  to  produce  a  collimated  double  pass  beam  (It  did  nothing  to  compensate  for  astigmatism.).  A 
secondary  damage  route  that  the  telescope  was  to  eliminate,  was  the  residual  beam  that  did  not  undergo  birefringence 
correction  after  four  passes  and  was  reflected  from  the  PCM  for  another  two  passes.  This  beam,  too,  could,  focus  down  and 
cause  damage.  Beam  collimation,  to  the  extent  possible,  minimized  this  threat.  The  primary  job  of  the  telescope  was 
damage  prevention.  It  was  the  task  of  the  PCM  to  correct  phase  distortions.  Use  of  the  telescope  aided  to  a  limited  extent  in 
birefringence  correction  since  rays  must  exactly  retrace  to  be  fully  effective. 

IILStorcd  Energy 

Single  pass  small  signal  gain  was  measured  to  determine  stored  energy  available  for  amplification.  Stored  energy 
Estored  can  be  calculated  using  the  relation  Esiored-hvA[Ln(Gss)]/cy=0.49[Ln(Gss)]/^^  where  h  is  Planck’s  constant,  v  is  the 
laser  frequency,  A  is  the  beam  area,  Gss  is  the  small  signal  gain,  and  a  is  the  stimulated  emission  cross-section  between  the 
specific  lasing  sublevels.  We  take  a=3xl0‘^^  cm'^,  assume  uniform  gain  cross  section,  and  a  beam  that  fills  the  rod  aperture. 
Note  that  Estored  represents  stored  energy  available  for  pulsed  lasing,  i.e.,  without  change  in  the  R1  -  R2  sublevel  energy 
distribution.  The  total  energy  stored  in  the  '’F3/2  level  is  approximately  2,4  times  as  great  as  the  calculated  value. 

Measurements  were  performed  by  placing  an  Ophir  30A-P-CAL  calorimeter  after  the  first  pass.  A  first  series 
defined  the  oscillator  input  range  over  which  small  signal  gain  could  be  measured  (<0.5  mJ).  Use  of  the  equation  for  Estored 
together  with  data  as  a  function  of  PFN  energy,  yielded  energy  storage  efficiency  (figure  2).  Efficiency  peaks  at  2.5% 
and  drops  to  1.8%  at  the  highest  pump  energies.  The  efficiency  drop  could  be  due  to  saturation  in  the  Cr  to  Nd  transfer 
efficiency,  or  due  to  increased  losses  by  amplified  spontaneous  emission  or  parasitic  oscillations. 

In  order  to  check  for  whispering  mode  parasitic  oscillation,  the  gain  was  compared  to  earlier  data  obtained  before 
the  rod  was  grooved.  Results  were  identical,  so  parasitic  oscillations  appear  to  be  an  unlikely  cause  of  efficiency  decrease. 

In  concluding  this  section,  the  stored  to  electrical  pump  energy  efficiency  of  GSGG  and  YAG  are  compared.  In 
previous  work,  YAG  PCMPAs  were  developed  and  completely  characterized.  From  this  work,  Gss(YAG)  =  33  at  a  PFN 
energy  of  88  J.  For  a  stimulated  emission  cross-section  of  a  =  6x10"^^  cm'^,  the  calculated  stored  energy  efficiency  is 
0.0098.  Thus,  GSGG  is  measured  to  be  1.9  times  more  efficient  than  YAG  in  converting  electrical  into  stored  laser  energy. 

IV. Birefringence  Correction 

A  primary  consideration  in  developing  this  PCMPA  was  to  conjugate  out  static  and  dynamic  birefringence.  The 
second  Faraday  rotator  (FR2)  performed  this  task.^^^^  Alternative  schemes  exist  such  as  a  “Sagnac”  interferometer.” 

To  see  how  a  polarization  conjugator  (POC)  [FR  or  Sagnac]  works,  a  simple  model  can  be  considered:  A  polarizer 
in  front  of  the  amplifier  defines  x,y  axes.  After  one  amplifier  pass,  the  polarization  is  elliptical  and  the  relative  phase 
difference  between  components  along  the  ellipsoid  axes  (x',  y')  is  given  by  A(|),  where  A(|)  itself  may  be  a  function  of  x',  y'. 
The  beam  passes  through  the  POC  and  again  through  the  amplifier.  We  want  to  calculate  the  Ex,  Ey  double  pass 
components.  The  end  result  is:  Ex(double  pass)=0  and  Ey(double  pass)=(-)Eoe^^  Output  double  pass  polarization  is  linear, 
so  there  is  no  birefringence.  The  difference  between  the  input  and  output  is  a  90'’  polarization  rotation  and  addition  of  a  e^'** 
phase  factor.  Since  varies  from  point  to  point,  the  beam  will  suffer  from  a  birefringence  induced  lensing. 

The  POC  requires  exact  ray  retracing  to  fully  compensate  for  birefringence.  Thermal  lensing  does,  however,  occur 
whenever  there  is  spatially  dependent  birefringence.  A  PCM  used  by  the  FR  will  correct  for  temperature  dependent 
refractive  index  and  rod  length  induced  ray  deflections,  but  not  POC  lensing.  A  divergence  compensating  telescope  by 
the  FR  can  correct  for  focusing  (but  not  aberrations).  Its  use  should  yield  better  birefringence  correction  than  a  plane  mirror. 

The  GSGG  laser  was  run  as  a  double  pass  amplifier  with  5  mJ  laser  input.  Light  rejected  by  Pols  2  and  1  were  the 
compensated  and  uncompensated  components.  Figure  3  shows  the  results.  Use  of  a  POC  reduced  by  at  least  one  order  of 
magnitude,  the  double-pass  static  birefringence.  The  POC  with  the  PCM  gave  the  best  dynamic  results,  followed  by  the 
POC  with  a  flat  mirror.  The  largest  birefringence  occurred  when  no  measures  were  taken  to  correct  for  phase  and 
birefringence  distortions.  Taking  10%  loss  as  an  upper  limit  (because  of  secondary  beams  with  different  divergence  and 
direction),  then  maximum  permissible  pump  powers  are  300  and  200  W  when  a  PCM  and  a  plane  mirror  are  used. 
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V.  Ouadninle-oass  Amnlifier 

The  quadruple-pass  amplifier  was  tested  with  the  divergence  compensating  telescope.  Output  energy  is  shown  in 
figure  4.  Laser  input  of  40  mJ  was  sufficient  to  drive  the  amplifier  into  saturation.  A  maximum  of  1.74  J  was  obtained  at  a 
PITvl  energy  of  80  J  (efficiency  =  2. 1%.).  The  peak  efficiency  was  2.4% ,  where  1.62  J  was  obtained  at  a  PFN  energy  of  67  J. 

The  dependence  of  output  energy  on  average  pump  power  is  shown  in  figure  5.  For  a  given  PFN  energy,  each 
point  represents  a  PRF  incremented  by  one.  Output  energy  was  nearly  independent  of  PRF.  Note,  however,  that  the  energy 
included  that  of  the  primary  (80  to  90% )  and  secondary  beams.  The  measurements  were  terminated  at  pump  powers  of  250 
W,  because  laser  induced  breakdown  was  heard  to  emanate  from  FRl  or  the  GSGG  face  closest  to  FRl.  Considering  the 
energies  involved,  it  seems  probable  that  the  source  is  quadruple  passed  nonbirefringence  compensated  light.  Steps  are 
being  taken  to  eliminate  this  breakdown  so  that  PRF  can  be  increased. 

Far  field  measurements  were  performed  to  determine  divergence  (figure  6).  The  measurements  were  performed 
with  a  200  cm  focal  length  lens,  a  Cohu  CCD  camera,  and  a  Spirocon  beam  analyzer.  Divergence  gradually  increased  with 
average  pump  power  and  per  pulse  PFN  energy.  The  laser  can  be  characterized  as  twice  diffraction  limited. 
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ABSTRACT 

Passive  Q-switching  of  high  power  CW  pumped  Nd:YAG  laser  by  using  phototropic  Cr'*'^  ion 
centers  in  YAG  was  investigated  in  detail.  Over  180  W  average  output  was  obtained  at  15  kW  input 
power  with  two  cavities.  The  Q-switch  efficiency  is  about  70  %.  The  beam  parameter  product  is  7.5 
mm  mrad  and  longitudinal  mode  selection  was  observed. 

Keywords.-  Nd:YAG  laser,  Cr‘*'':YAG,  passive  Q-switch 

1.  INTRODUCTION 

Q-switched  CW  pumped  solid  state  lasers  with  high  average  output  power  are  required  for 
research  and  applications.  Pulses  with  high  repetition  rate  (kHz  range),  high  average  and  high  peak 
power  are  very  attractive  for  various  applications  as  frequency  doubling  and  material  processing. 
Passive  Q-switching  of  CW  pumped  Nd:YAG  laser  is  possible  by  using  LiFrF:'  colour  centers 
crystals  but  only  at  low  average  output  power.  New  potential  saturable  absorbers  are  crystals  with 
impurity  centers  characterised  by  a  long  time  stability,  a  high  optical  strength,  high  thermal 
conductivity,  and  good  chemical  stability*’^.  Cr"*^  :YAG  crystals  were  used  in  our  ejqieriments  as 
passive  Q-switch  in  Nd:YAG  lasers.Three  different  crystals  with  small  signal  transmission  from  83% 
to  90%  and  saturation  transmission  of  98%  were  investigated. 


2.THERMAL  EFFECTS  IN  CR'^YAG  PASSIVE  Q-SWITCH 

The  Cr''^:YAG  crystal's  spectroscopic  data,  ^Aj  -  ^E(^T2)  and  ^B2  (^T2)  -^E(^Ti)  transitions' 
cross  section  and  the  ^B2  level  lifetime  were  used  in  the  laser  rate  equations.  The  four  level  model 
explains  the  behaviours  of  Cr^  ;YAG  crystal  as  passive  Q-switch^.  Because  of  low  quantum 
efficiency  of  ^B2  -  ^Bi  transition  detailed  investigations  on  thermal  effects  in  Cr'^'^tYAG  were  made. 
The  using  of  the  Cr"*  :  YAG  crystal  as  passive  Q-switch  is  limited  by  heat  deposition  in  the  Cr^^:YAG 
crystal.  Heat  deposition  in  the  Cr‘"':YAG  crystal  has  two  important  effects:  mechanical  stress  and  the 
temperature  increasing.  The  increasing  temperature  of  the  crystal  decreases  the  lifetime  of  the  level 
B2  and  that  leads  to  efficiency  decreasing;  this  process  is  supposed  to  be  responsible  for  the 
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decreasing  in  laser  energy  pulse  when  the  crystal  is  working  without  a  cooling  system.  Heat 
deposition  measurements  in  Cr'*^:YAG  crystal  are  performed  by  using  the  set-up  shown  in  Fig.  1. 

Fig.  2  shows  the  movement  of  the  fringe  pattern  for  1mm  respective  1.5mm  crystal  length.  On 
channel  2  the  time  of  AOM  working  is  represented,  and  repetition  rate  was  10  kHz  at  3.9  kW  laser 
input  power.  The  changes  in  optical  path  are  given  by  the  following  equation: 

A(nl)  =  IAT(^  +  ar(n  - 1))  =  NX 
dT 

where:  n  and  1  is  refractive  index  and  length  of  the  Cr'*^:YAG  crystal,  T  temperature,  N  is  the 
number  of  fringes  measured  by  photodiode.  Tha  data  are  presented  in  table  1 

He-Neiaser  I  1  \  1  I  i  I  I  I  !  ' 
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Fig.2.  Fringe  pattern  displacement  due  to  heat 
Raicr" ;YAG  heatdeposBonmeasuremertsetup  deposition  in  Cr'''':YAG  passive  Q-switch  (a)- 

length;  (c)-  time  working  of  Nd:YAG  laser 
(time  base  1  s  /div) 

TABLE  1  Power  heat  deposition  measurements  for  Cr'*^:YAG  crystal. 


fringe/second 


Crystal  length  dT/fringe  fringe/second  Power  heat 

[mm] _ r°Kl  _ deposition  [W] 

1 _  49.23  1 0.8  ~  2.9 _ 

L2 _ 41 _ _0;9 _ 33 _ 

1.5  1 32.8  11.5  1 4.9 

In  order  to  decrease  the  temperature  gradient  in  the  Cr‘’'^:YAG  crystal,  a  cooling  system  was  used 
which  uses  pure  water  for  cooling  the  end  faces  of  the  Cr''^:YAG  crystal.  By  using  this  cooling 
system  no  temperature  gradient  was  detected  by  interference  method. 


49.23 

44 _ 

32.8 


3.EXPERIMENTAL  RESULTS 

In  our  measurements  three  crystals  of  Cr‘’^:YAG  were  used.  The  crystals  were  cut  from  the 
same  Cr''^:YAG  crystal  and  small  signal  absorption  coefiBcient  was  calculated  from  small  signal 
transmission  and  length  data  measurements.  Small  signal  transmission  were  between  83%  and 
90.5%.  Saturation  transmission  was  measmed  to  be  98%-98.5%.  The  Nd:YAG  rod  with  4  mm 
diameter  and  100  mm  length  was  pximped  by  one  lamp  in  diffuse  pumping  cavity.  The  flat-flat 
symmetric  resonator  with  0.5  m  length  was  used. 

The  laser  output  power  and  laser  pulse  energy  were  measured  by  a  RK5720  Power 
Ratiometer,  and  RJ7100  Energymeter  respective.  Pulse  duration  was  measured  by  a  PBX-65 
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photodiode  with  2  ns  risetime  and  a  LeCroy  9450  oscilloscope.  The  measurements  on  beam  quality 
were  made  by  using  a  CCD  camera  system. 

By  using  this  system  up  to  40  W  average  output  laser  power,  passive  Q-switched,  was 
obtained.  The  laser  pulses  repetition  rate  increases  from  1.5  to  12  kHz  by  increasing  the  input  power. 
Pulse  width  was  150  nsec,  and  it  has  40%  variations  from  the  average  value  that  remains  relatively 
constant  when  pumping  power  increasing.  The  fiir  field  intensity  distribution  for  passive  Q-switch 
and  beam  parameter  product,  at  two  different  input  power,  is  shown  in  Fig.3  and  Fig.4.  An 
increasing  in  the  number  of  transversal  modes  by  pumping  power  increasing  is  observed.  The  beam 
parameter  product  changes  from  5.42  mm  mrad  corresponding  to  the  3.7  kW  input  power  to  6.3  mm 
mrad  corresponding  to  the  5. 1  kW  input  power. 


a  b 

Fig.3.  Far  field  intensity  distribution;  (a)-  Pi„put=3.7  kW;  (b)-  Pi„put=5.1  kW 


SPP“  5.42 


a 


SPP-  6.32 


t^aMner  »>  :  a  ■  75ftn  r  ■  fl.t.4S3Kn 


b 


Fig.4.  Beam  parameter  product;  (a)-  Pi„p„,=3.7  kW;  (b)-  Pi„pu,=5.1  kW 


In  order  to  increase  the  average  output  power,  investigations  were  made  on  two  cavities 
passive  Qswitch  laser.  Over  180  W  average  output  power  was  obtained  at  15.3  kW  input  power.  If 
losses  inserted  by  cooling  system  are  subtracted  the  Q-switch  efficiency  is  found  to  be  70-72%. 
Figure  5  shows  average  output  power  versus  pumping  power  for  two  cavities  laser.  The  Cr  crystal 
actions  as  a  mode  selector  in  laser  resonator,  especially  at  low  input  power  as  Fig.6  shows. 

4.CONCLUSION 

In  this  work  the  experimental  results  obtained  on  the  Cr‘*^:YAG  crystal  used  as  passive  Q- 
switch  in  Nd:YAG  lasers  are  described. 

The  average  laser  output  power  over  180  W  was  obtained  in  two  rod  CW  Nd:YAG  laser 
passive  Q-switched  by  Cr'*^:YAG.  This  value  is  the  highest  reported  up  to  now  for  passive  Q- 
switched  CW  pumped  Nd:YAG  laser's  oscillator.  The  output  power  can  scaled  to  the  kW  range 
by  using  long  Cr''^:YAG  crystal  with  low  density  of  phototropic  Cr'*^  ions  that  is  more  suitable  for 
cooling.  By  using  the  Cr''’^:YAG  crystal  as  passive  Qswitch  an  improving  in  the  laser  beam  quality 
was  demonstrated. 


Fig.5.  Average  output  power  in  two  rod  Fig.6.  Laser  pulse  length  in  two  rod 

NdrYAG  laser  with  passive  Q-switch  Nd:YAG  laser  with  passive  Q-switch 

Cr^'':YAG  Cr‘''':YAG;  At=430  ns; 
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1.  ABSTRACT 

We  report  on  the  status  of  an  experimental  activity  to  scale  Cr:LiSAF  to  high  average  power  using  a 
unique  zig-zag  optical  cavity  design. 

KEYWORDS:  CriLiSAF,  slab  laser,  zig-zag  laser. 


2.  INTRODUCTION 

Over  the  past  several  years,  we  have  been  developing  zig-zag  optical  cavities  for  a  variety  of  lasers. 
This  development  has  been  successful  in  the  performance  of  high  power  dye  lasers  using  this  new  design.  In 
brief,  we  have  demonstrated  single  mode,  7  J  per  pulse,  10  Hz,  near  diffraction  limited  operation  of  a  laser 
pumped  liquid  dye  laser.  When  compared  to  the  operation  of  a  comparable  power  dye  laser  which  used  a 
more  conventional  optical  cavity,  we  achieved  an  improvement  in  beam  quality  of  about  an  order  of 
magnitude  and  a  comparable  improvement  in  RMS  jitter  performance.  We  have  also  demonstrated  that  this 
laser  can  be  operated  virtually  chirp  free.^  More  recently,  we  have  applied  some  of  the  design  approaches 
used  for  the  liquid  dye  laser  to  the  design  of  a  solid  state  plastic  dye  laser.  The  resulting  laser  pumped 
plastic  dye  laser  operated  near  the  diffraction  limit  with  a  beam  quality  about  an  order  of  magnitude 
improvement  over  plastic  dye  lasers  which  use  more  conventional  optical  cavities. This  plastic  host 
device  also  achieved  record  energy  output  for  a  plastic  dye  of  about  1  J. 


3.  EXPERIMENT 

We  are  now  in  the  process  of  applying  this  approach  to  the  operation  of  more  standard  solid  str.t  e 
materials.  In  particular,  we  report  in  this  paper  some  initial  experiments  that  were  performed  lasing 
Cr:LiSAF,  an  interesting  new  crystal  which  lases  over  a  broad  wavelength  range  about  250  nm  wide 
centered  at  about  850  nm.  CriLiSAF  has  a  67  ps  storage  time  and  so  can  be  efficiently  laser  diode  or 
flashlamp  pumped.  A  flashlamp  pumped  dye  laser  was  used  as  the  pump  source  for  this  study.  Some  of  the 
key  features  of  this  design  have  been  confirmed.  However,  because  of  a  fabrication  error,  the  crystal  that 
was  tested  operated  below  optimum. 

The  key  to  scaling  lasers  to  high  average  power  while  maintaining  good  optical  quality  is  the  thermal 
control  of  the  lasing  medium.  As  with  many  solid  state  crystals,  CriLiSAF  has  poor  thermal  properties.  Our 
approach  is  to  use  thin,  1.5  mm,  slabs  of  the  crystals  immersed  in  a  flowing  index  matched  fluid  which  acts 
as  a  thermal  reservoir.  A  schematic  diagram  illustrating  the  design  approach  is  shown  in  Figure  1.  A 
simple  stable  optical  cavity  is  pictured.  The  cell  is  made  of  fused  quartz  with  a  4  mm  wide  flow  channel  that 
is  20  mm  high  and  165  mm  long.  Two  1.5  mm  X  110  mm  slabs  are  positioned  in  Dimethylacetamide  (DMA) 
which  has  an  index  of  refraction,  n  =  1.43,  a  good  match  to  quartz  (n  =  1.46)  and  CriLiSAF  (n  =  1.40).  Laser 
flux  is  coupled  into  and  out  of  the  cavity  through  quartz  prisms.  Single  sided  optical  pumping  is  used. 

The  dye  laser  pump  source  operated  at  590  nm  with  Rhodamine-590  dye  and  is  capable  of  single 
pulse  energies  up  to  12  J  with  an  ~  3  ps  pulse  length.  The  pump  laser  output  is  passed  through  an  optical 
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scrambler  which  produces  a  spatially  uniform  vertical  intensity  profile  with  a  9  mm  X  90  mm  optical 
footprint  at  the  zig-zag  cell. 

A  stable  optical  cavity  was  set  up  without  Q-switch  control.  The  laser  output  (shown  in  Figure  2) 
occurred  during  the  excitation  pulse  and  consisted  of  a  pair  of  pulses  of  comparable  energy  separated  by  over 
1  jis.  The  first  pulse  was  the  more  intense  of  the  two  with  a  pulsewidth  of  about  125  ns.  Initial  laser 
measurements  demonstrated  total  energy  output  ~  IJ  at  an  intrinsic  photon  efficiency  of  >  20  percent. 

There  were  several  significant  losses  associated  with  the  5.5  percent  doped  CriLiSAF  crystals  used  in 
these  tests.  This  material  was  manufactured  by  Lightning  Optical  several  years  ago  with  a  reported 
intrinsic  scattering  loss  of  3%  /  cm.  Recent  improvements  in  Cr:LiSAF  processing  by  the  vendor  have 
improved  intrinsic  scattering  losses  by  about  an  order  of  magnitude  and  newer  crystals  should  produce 
improved  laser  performance. 

A  more  serious  gain  loss  occurred  due  to  a  manufacturing  error.  The  crystal  was  fabricated  with  the 
c-axis  perpendicular  to  the  face  of  the  crystal,  i.e.,  in  the  laser  pump  direction  as  shown  in  Figure  1,  whereas 
a  vertical  c-axis  had  been  specified.  For  the  c-axis  orientation  shown  in  Figure  1,  the  effective  gain  cross- 
section  is  reduced  since  there  is  only  gain  for  the  component  of  the  E  vector  parallel  to  the  c-axis  in  our  zig¬ 
zag  geometry,  i.e.,  the  E  vector  is  approximately  45°  to  the  c-axis.  When  a  new  crystal  is  installed  with  a 
vertical  c-axis,  laser  performance  should  improve  substantially. 

A  computer  model  of  the  Cr:LiSAF  laser  was  also  developed  and  used  to  compare  with  the 
measurements.  Although  agreement  is  only  qualitative,  we  calculate  the  double  pulse  features  but  the 
energy  in  each  pulse  and  the  timing  of  the  second  pulse  are  not  quantitatively  modeled. 
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Figure  2.  CriLiSAF  laser  measurements  compared  to  model  calculations. 
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ABSTRACT 

Copper  lasers  are  the  highest  efficiency  high  average  power  visible  lasers  (510.6  and  578.2  nm).  The  most 
efficient  of  them  all  is  the  copper  hybrid  laser,  which  has  been  demonstrated  to  produce  200  W  average  ver 
with  1.9%  efficiency.  The  prospects  for  increasing  the  average  output  power  from  single  or  double  tube  in.  vices 
into  the  kilowatt  regime  are  discussed.  With  piactically  no  plasma  skin  effect,  a  long  gain  duration  (-100  ns),  and 
rapid  plasma  relaxation  between  pulses,  copper  lasers  with  hydrogen  halide  additives  (hybrid  lasers)  hold  promise 
for  scaling  in  tube  bore,  active  length  and  PRF  to  kilowatt  average  output  powers  with  efficiencies  of  -2%,  and 
-600  Wat  3.5%  efficiency. 

Keywords:  copper  lasers,  hybrid  lasers,  high  power,  kilowatt  power,  visible,  efficient,  power  scaling 

INTRODUCTION 

Copper  hybrid  lasers  have  produced  average  output  powers  of  up  to  201  W  at  efficiencies  (based  on  stored 
energy)  of  just  under  2%  at  the  wavelengths  510.6  nm  and  578.2  nm.  At  the  120  W  average  power  level,  the 
efficiency  reaches  3.2%  [1].  Their  characteristics  differ  markedly  from  those  of  elemental  copper  vapour  lasers 
(CVLs).  The  copper  hybrid  (hydrogen  bromide  in  discharge)  laser  is  essentially  a  CVL  which  includes  typically 
5-10%  by  volume  hydrogen  halide  with  the  noble-gas  buffer.  The  most  successful  buffer-gas/hydrogen-halide 
combination  to  date  has  been  Ne/HBr.  In  most  studies  of  hybrid  lasers,  the  HBr  has  been  added  to  laser  tubes 
oj^rating  at  wall  temperatures  of  600-800°C.  Recently,  HBr  and  other  hydrogen  halide  donors  have  been  added  to 
a  CVL  operating  at  the  more  usual  15(X)-1600°C  wall  temperature,  with  improvements  in  output  characteristics 
which  approach  the  high  performance  of  low-temperature  (LT)  hybrid  lasers  [2]. 

In  the  LT  hybrid  laser,  the  copper  metal  in  the  tube  is  in  solid  form,  and  copper  bromide  vapour  is  formed  in 
situ  by  reaction  of  bromine  and  the  copper  metal.  Free  copper  atoms  are  then  liberated  by  dissociation  of  the  CuBr 
molecules  and  their  polymers  by  electron  impact  in  the  multi-kilohertz  PRF  discharge.  This  is  the  classic  copper 
hybrid  laser,  in  which  a  flowing  Ne-HBr  buffer  gas  is  used,  and  where  the  copper  density  in  the  discharge  volume 
is  determined  by  copper  bromide  formation  and  destruction  processes;  the  copper  bromide  density  is  quickly  and 
easily  controlled  and  optimized  by  adjusting  the  HBr  inlet  pressure. 

In  the  high-temperature  (HT)  hybrid  laser,  the  copper  atoms  are  supplied  to  the  discharge  by  vaporization  of 
copper  liquid  in  the  tube.  The  copper  density  is  by  and  large  a  function  of  the  tube  temperature,  i.e.  of  input 
power. 

As  we  shall  see,  hybrid  lasers  are  volume  scalable  devices,  making  it  possible  for  a  double-tube  MOPA  or 
IL()  system  to  deliver  1  kW  of  usable  average  output  power. 

HIGHEST  POWERS  ACHIEVED  FROM  COPPER  LASERS  TO  DATE 
The  largest  average  output  powers  and  energies  are  generated  by  CVLs  operated  in  MOPA  configurations.  In 
1991,  Warner  [3]  reported  1.4  kW  high-quality  average  power  from  a  MOPA  chain  with  a  25  W  MO  and  3  PAs, 
each  of  which  contributed  an  output  power  of  400-450  W.  He  also  mentioned  that  a  specially  configured  PA  had 
provided  an  extracted  output  power  of  650  W  at  an  efficiency  of  1%,  although  no  details  were  provided.  Aoki  et 
al.  [4]  described  more  fully  an  80  mm  bore,  300  cm  discharge  length  CVL  that  produced  260  W  as  an  amplifier, 
and  211  W  as  an  oscillator.  In  1995,  Chang  et  al.  [5]  reported  an  increase  in  output  power  of  an  80  mm  bore 
amplifier  from  255  W  to  325  W  by  the  use  of  Mo  plates  or  'septa'  placed  along  the  inside  of  the  discharge  tube  to 
cool  the  gas  on  the  discharge  axis.  These  ‘high-power’  lasers  were  all  conventional  CVLs,  where  the  copper  was 
provided  by  vaporization  in  the  active  zone,  and  a  small  (0.5-1%)  amount  of  H2  was  added  to  the  Ne  buffer  gas. 

Recently,  Bokhan  and  Molodykh  [6]  numerically  examined  the  scaling  of  metal  vapour  lasers  in  average 
power  to  the  level  of  kilowatts  per  metre.  Their  solution  was  to  abandon  conventional  longitudinal  discharge 
excitation  and  apply  the  concept  of  runaway-electron  beam  excitation. 

The  purpose  of  the  present  paper  is  to  ascertain  whether  or  not  it  is  possible  to  construct  copper  lasers  of 
kilowatt-scale  average  output  powers  using  current  technology.  Copper  hybrid  lasers  have  features  that  make 
them  particularly  well  suited  to  volume  scaling  in  order  to  achieve  high  output  powers.  The  reasons  for  hybrid 
lasers’  good  performances  are  related  to  the  presence  of  the  hydrogen  halides  in  the  discharge  volume. 
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INFLUENCE  OF  HYDROGEN  HALIDES  ON  KINETICS  OF  COPPER  LASERS 
Recently,  it  was  concluded  by  Isaev  et  al.  [7]  that  the  species  HBr  is  the  main  agent  responsible  for  the 
improvement  in  output  power  and  efficiency  in  copper  lasers  with  added  HBr,  and  in  copper  bromide  lasers  with 
added  hydrogen.  Previously,  all  fingers  had  pointed  to  hydrogen  as  the  agent.  The  chief  mechanism  by  which  the 
HBr  is  believed  to  affect  the  discharge  kinetics  is  via  the  process  of  dissociative  attachment: 

e  +  HBr  — >  H  +  Br,  (1) 

which  has  a  peak  ctoss  section  of  2.7  x  IQ  i'^  cm^  for  an  electron  energy  of  0.28  eV.  In  the  early  afterglow, 
dissociative  attachment  acts  to  remove  electrons  quickly  to  produce  bromine  negative  ions.  A  density  of 
cm-3  HBr  in  the  tube  is  sufficient  to  remove  the  electrons  with  the  characteristic  time  of  ~5  |is  which  is 
measured  in  a  hybrid  laser  [8].  Fast  two-body  processes  of  ion  recombination  can  then  remove  the  negative  ions 
and  replenish  the  ground-state  copper  density. 

Provided  the  prepulse  electron  density  is  small  enough,  when  the  electric  field  is  still  low  and  the  current  is 
low,  the  process  of  electron  attachment  impedes  and  delays  the  electron  avalanche  [7].  As  the  evolution  of  the 
electron  energy  distribution  function  (EEDF)  tends  towards  higher  electron  energies,  the  rate  constant  for  the 
attachment  process  compared  to  ionization  falls,  and  avalanche  proper  occurs.  The  influence  of  attachment  in 
delaying  avalanche  is  evinced  by  the  large  increase  in  tube  impedance  that  occurs  when  the  field  is  first  applied 
and  the  current  remains  low.  The  result  is  that  the  laser  tube  acts  as  its  own  switch  with  an  in-built  delay 
mechanism.  When  electron  avalanche  does  begin,  the  applied  field  is  usually  close  to  maximum,  and  the  inaease 
in  current  is  fast  (~70  ns  from  10%  to  90%  of  peak  current  in  a  60  mm  bore,  200  cm  active  length  discharge  tube). 

Because  of  the  different  evolution  of  the  EEDF  during  the  excitation  pulse  in  hybrid  l^ers  compared  to 
CVLs,  the  kinetics  of  lower  and  upper  laser  level  populations  differ  [7].  Before  avalanche,  ionization  is  balanced 
by  attachment,  and  the  electron  number  density  is  kept  low,  which  prevents  early  population  of  the  lower  laser 
levels.  When  the  electron  avalanche  proper  begins  at  the  maximum  of  the  ^plied  field,  Tg  is  suited  to  excitation 
of  the  upper  laser  levels.  Because  the  value  of  applied  voltage  in  a  hybrid  laser  at  onset  of  avalanche  is 
considerably  higher  than  in  a  conventional  CVL,  the  Tg  in  the  hybrid  laser  can  provide  more  effective  upper  level 
pumping  relative  to  the  lower  laser  levels.  The  larger  inversion  that  can  be  obtained  is  reflected  in  the  fact  that 
when  hydrogen  is  added  to  a  CuBr  laser,  or  HBr  is  added  to  a  CVL,  the  specific  output  pulse  energy  and 
efficiency  are  doubled. 

Ano&er  reason  for  the  increased  efficiency  of  copper  lasers  with  the  presence  of  HBr  is  the  improved 
matching  of  the  discharge  tube  to  the  pulse  modulator,  which  is  evinced  by  the  increase  in  tube  wall  temperature 
for  the  same  PRF  and  charging  voltage,  and  by  the  much  lower  negative  voltage  excursion  that  appears  on  the 
thyratron  anode  following  the  excitation  pulse.  Therefore,  both  the  kinetics  and  the  electrical  characteristics  of 
copper  lasers  are  improved  by  the  addition  of  hydrogen  halides  or  donors  of  their  constituent  atoms. 

VOLUME  SCALING  OF  CONVENTIONAL  CVLs 

Conventional  CVLs  are  limited  in  the  amount  of  volume  scaling  they  can  tolerate  before  output  characteristics 
begin  to  deteriorate.  In  the  case  of  increasing  tube  bore,  the  plasma  skin  effect  begins  to  affect  laser  performance 
with  tube  bores  as  low  as  42  mm  [9].  The  skin  effect  manifests  itself  by  the  development  at  larger  bores  of  a 
radially  dependent  longitudinal  electric  field  which  reduces  from  a  maximum  near  the  wall  to  an  on-axis 
minimum  in  the  discharge  tube.  Furthermore,  the  electric  field  exhibits  a  noticeable  delay  between  onset  of 
excitation  and  lasing  near  the  wall  and  on  the  tube  axis.  In  the  CVL  of  42  mm  bore,  in  the  absence  of  HBr,  the 
prepulse  electron  density  was  -30%  of  the  peak  electron  density,  and  the  prepulse  conductivity  was  4800  fJ'im'* 
[10].  The  widest  CVLs  reported  have  tube  bores  of  80  mm.  The  influence  of  the  skin  effect  in  a  CVL  can  be 
reduced,  but  not  eliminated,  by  operating  at  higher  buffer  gas  pressures,  and  by  cooling  the  gas  at  the  centre  of  the 
tube  by  the  presence  there  of  septa  [11,12]. 

A  second  factor  that  restricts  the  increase  of  tube  bore  in  conventional  devices  is  the  increase  in  gas 
temperature  away  from  the  tube  wall.  The  gas  temperature  controls  the  prepulse  metastable  lower  laser  level 
populations.  The  higher  the  prepulse  metastable  densities,  the  smaller  the  maximum  inversion  density,  and  the 
shorter  the  gain  duration.  The  requirement  for  plasma  and  gas  relaxation  necessitates  lower  PRFs  as  the  tube  bore 
is  increased  (due  to  the  increase  in  input  power  per  unit  length,  as  the  on-axis  temperature  is  independent  of  tube 
bore  [13]). 

Input  pulse  energy  and  peak  current  must  be  increased  greatly  as  tube  bore  is  raised,  whilst  maintaining  ‘fast’ 
(<100  ns  rise-time)  discharge  excitation.  This  places  great  demands  on  the  switch  and  modulator.  Also,  because 
the  conductivity  of  the  CVL  channel  is  high,  impedance  matching  is  difficult  even  for  tubes  of  60  mm  bore,  and 
will  be  more  so  at  larger  tube  bores. 
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With  regard  to  length  scaling,  the  largest  length  is  determined  by  the  gain  duration.  It  is  desirable  to  have  4  or 
more  cavity  round-t  ns  during  gain  in  order  to  reduce  the  time-averaged  divergence.  The  longest  CVL  oscillators 
and  amplifiers  repoi  i  have  discharge  lengths  of  300  cm  [4]. 

ADVANTAGES  OF  HYDROGEN  HALIDE  ADDITIVES  FOR  VOLUME  SCALING 
The  high  discharge  channel  impedance  afforded  by  the  presence  of  HBr  in  a  hybrid  laser  leads  to  many 
advantages  over  conventional  CVLs  for  scaling.  First,  there  is  almost  no  skin  effect  in  a  hybrid  laser.  In  a  60  mm 
bore  hybrid  laser  [1],  lasing  at  the  wall  and  on  the  tube  axis  began  within  3  ns  of  each  other.  The  penetration  of 
the  longitudinal  electric  field  into  the  active  medium  is  high!  ghted  by  the  fact  that  the  output  beam  intensity 
profile  of  the  60  mm  bore  laser  is  close  to  Gaussian  in  form,  i.e.  there  is  a  strong  central  maximum  in  laser  beam 
intensity.  The  pseudo-Gaussian  intensity  profile  is  maintained  throughout  the  pulse  duration,  which  is  important 
for  machining  applications. 

We  can  use  the  data  of  [7]  to  calculate  typical  plasma  skin  depths  and  electric  field  penetration  times  in  a 
25  mm  bore  hybrid  laser.  Current  and  voltage  data  lead  to  a  tube  conductivity  of  0.8  during  the  application 

of  the  tube  voltage.  (This  corresponds  to  a  remanent  electron  density  of  lO^^-lOii  cm-^,  or  0.01-0.1%  of  the  peak 
electron  density  in  the  same  laser;  c/  30%  of  the  peak  electron  density  remaining  in  a  CVL  [8].)  Therefore,  the 
plasma  skin  depth  in  the  hybrid  laser  is  350  mm  (independent  of  tube  bore  assuming  the  same  conductivitv),  and 
the  penetration  time  for  an  80  mm  bore  hybrid  laser  is  0.25  ns.  These  figures  should  be  compared  with  3;)  ,  ,<in  and 
43  ns,  respectively,  for  an  80  mm  bore  CVL  [14].  Therefore,  because  of  the  efficient  removal  of  firee  eir-  ^ons 
be?  j/een  excitation  pulses  in  a  hybrid  laser,  the  electric  field  can  penetrate  lOO’s  mm  depth  of  plasma  ii  .s.  .an 
a  i..:riosecond. 

The  lower  wall  temperature  of  LT  hybrid  lasers  is  an  advantage  in  keeping  gas  temperature  effect::  at  i^ay . 
Even  the  output  beam  of  a  60  mm  bore  hybrid  laser  displays  a  strong  central  maximum  in  its  transverse  intensity 
profile,  indicating  no  deterioration  in  gain  on  the  tube  axis  due  to  gas  temperature  effects,  even  at  PRFs  of  15- 
20  kHz  [1].  The  2-3  times  higher  efficiency  of  hybrid  lasers  means  2-3  times  more  output  power  can  be  achieved 
from  those  devices  compared  to  CVLs  for  the  same  input  power  per  unit  length.  Specific  input  powers  of 
~15  kW.m-i  can  be  ^plied  to  large-bore  (>80  mm)  CVLs  [15]. 

The  improved  matching  of  the  modulator  to  the  laser  tube  with  HBr  at  high  impedances,  together  with  the 
faster  plasma  relaxation,  means  that  these  lasers  can  be  operated  with  smaller  capacitances  at  higher  PRFs  than 
their  non-HBr  counterparts.  This  also  makes  for  more  effective  excitation  as  the  current  pulse  risetime  can  be 
shorter,  and  the  input  excitation  pulse  better  temporally  matched  to  the  gain  period  in  a  hybrid  laser.  The  more 
effective  excitation  contributes  to  higher  laser  efficiency.  The  input  pulse  energy  and,  in  general,  the  peak  current 
density  required  are  lower  in  hybrid  lasers,  making  scaling  of  hybrid  lasers  in  tube  bore  more  practical  from  the 
point  of  view  of  the  modulator/switch  requirements. 

Finally,  the  laser  pulse  duration  is  longer  with  added  HBr.  While  a  60  mm  bore  CVL  produces  a  laser  pulse 
lasting  ~40  ns  (FWHM),  a  60  mm  bore  hybrid  laser  generates  a  laser  pulse  lasting  60  ns  (FWHM).  The  hybrid 
laser  can  therefore  afford  longer  cavities  than  conventional  CVLs  when  operated  as  an  oscillator. 

Copper  lasers  with  hydrogen  halides  in  the  gas  mixture  therefore  have  some  attractive  features  additional  to 
their  lugh  specific  average  output  powers  and  efficiencies.  The  very  weak  plasma  skin  effect  allows  the  tube  bore 
to  be  increased  by  lOO’s  mm.  The  longer  gain  period  means  long  optical  cavities  can  be  fitted  without  great 
detriment  to  beam  quality,  making  scaling  by  length  more  feasible  compared  to  CVLs,  which  have  already  been 
scaled  to  300  cm  discharge  length.  The  rapid  and  volumetric  nature  of  plasma  relaxation  between  pulses  enables 
high-PRF  (15-20  kHz)  operation  of  tubes  with  large  bore  sizes  (>60  mm).  The  ability  to  operate  with  lower  input 
energies  and  peak  currents  also  favours  scaling  by  tube  bore  in  hybrid  lasers  as  opposed  to  CVLs. 

VOLUME  SCALING  BEHAVIOUR  OF  COPPER  HYBRID  LASERS 
The  results  of  experiments  on  hybrid  lasers  with  a  4.5  mm  [16],  12.5  mm  [17],  45  mm  [18]  and  60  mm  [1]  bore 
are  summarized  in  Fig.  1,  where  average  output  power  per  unit  length  is  plotted  versus  tube  bore.  Included  in  that 
Fig.  is  also  a  point  corresponding  to  a  40  mm  bore  HT  hybrid  laser  [2].  It  can  be  seen  that  the  output  power  per 
unit  length  is  a  good  linear  function  of  tube  bore.  The  true  dependence  is  probably  slightly  steeper,  as  the  output 
powers  of  the  45  and  60  mm  bore  lasers  did  not  saturate  completely  with  the  highest  charging  voltages  used.  If  W 
accept  that  the  hybrid  laser  can  be  scaled  up  to  at  least  300  cm  discharge  length,  as  has  been  demonstrated  for 
CVLs,  then  we  can  see  that  an  average  output  power  of  1  kW  is  predicted  for  a  tube  bore  of  250  mm,  well  within 
the  plasma  skin  depth  limit.  The  field  penetration  time  for  such  a  tube  would  be  2-3  ns. 

The  dependence  on  tube  bore  of  the  PRF  for  maximum  average  output  power  is  shown  in  Fig.  2.  There  are 
two  regimes  of  operation:  a  small-bore  (<25  mm)  regime,  where  diffusion  and  volumetric  processes  play  major 
roles  in  determining  the  upper  limit  to  PRF;  and  a  large-bore  (>25  mm)  regime,  where  the  PRF  is  determined 


entirely  by  volumetric  processes,  i.e.  the  PRF  (-17  kHz)  is  independent  of  tube  bore.  The  250  mm  bore  tube  is 
therefore  expected  to  optimize  at  a  PRF  of  17  kHz. 
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Fig.  1.  Lineal  average  output  power  vs  tube  bore.  Fig.  2.  PRF  for  maximum  output  power  vs  tube  bore. 

In  order  to  determine  the  other  operating  parameters,  we  plot  the  dependence  of  the  characteristic  parameters 
pR  and  E/ p,  where  2R  is  the  tube  bore,  p  is  the  buffer  gas  pressure  and  E  is  the  maximum  applied  field, 
assuming,  as  is  usually  found  to  be  the  case,  that  the  charging  voltage  is  similar  to  the  maximum  tube  voltage.  Fig. 
3  shows  these  two  parameters  calculated  as  functions  of  tube  bore.  Again  we  can  see  the  transition  from  a 
diffusion-dominated  regime  at  low  tube  bores  to  one  where  volumetric  processes  dominate.  In  the  case  of  a  250 
mm  bore  tube,  E/p  tends  to  500  V.m-i.torri  and  pR  tends  to  1500  torr.mm.  The  value  for  pR  sets  the  Ne 
pressure  at  -12  torr,  which  in  turn  specifies  the  maximum  applied  (or  charging)  voltage  over  300  cm  as  -18  kV. 
Assuming  the  same  volumetric  processes  control  the  operating  efficiency  in  the  250  mm  bore  laser  as  in  the 
60  mm  and  45  mm  bore  lasers,  we  find  that  the  laser  efficiency  (based  on  stored  energy)  at  maximum  power  will 
be  -2%.  Then ,  the  input  power  to  the  laser  will  be  50  kW,  so  that  the  storage  capacitance  Q  must  be  19  nF  for 
the  given  PRF  and  charging  voltage. 
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Fig.  3.  E/  p  and  pR  versus  tube  bore. 


Fig.  4.  Maximum  efficiency  versus  tube  bore. 
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We  can  do  the  following  check  on  storage  capacitance.  The  impedance  of  the  60  mm  bore,  200  cm  active 
length  tube  can  be  related  through  the  change  in  bore  and  length  to  the  impedance  of  the  250  mm  bore,  300  cm 

long  laser  by  the  factor  0.086.  As  the  optimum  peaking  capacitance  Cp  for  the  60  mm  tube  was  0.95  nF,  the 
peaking  capacitor  suitable  for  matching  into  the  250  mm  bore  laser  will  be  ~11  nF.  Based  on  previous  studies  of 
hybrid  lasers,  the  optimum  storage  capacitance  will  be  approximately  twice  the  peaking  capacitance,  i.e.  -22  nF, 
which  compares  favourably  with  our  independent  calculation  above  of  Q  of  -19  nF. 

Finally,  we  need  to  check  that  the  tube  inductance  does  not  prevent  the  current  pulse  rise-time  from  being 


<100  ns  for  efficient  copper  excitation.  The  inductance  per  unit  length  of  coaxial  conductors  is  —Ho  In—,  where 

b  IS  the  radius  of  the  coaxial  current  return,  and  a  is  the  radius  of  the  inner  conductor.  Assuming  the  bulk  of  the 
discharge  current  to  be  carried  in  the  central  half  (125  mm)  of  the  laser  tube,  and  a  diameter  for  the  coaxial  current 
return  of  350  mm,  we  find  the  inductance  4  of  the  300  cm  long  discharge  tube  to  be  -200  nH.  The  excitation 


pulse  rise-time  is  given  by  ^^Li,Cp .  Allowing  for  placement  of  peaking  capacitors  etc.,  setting  L/,  as  300  nH 

gives  an  excitation  pulse  rise-time  of  45  ns,  which  is  well  suited  to  excitation  of  the  atomic  copper  transitions 

The  50  kW  input  power  required  by  the  1  kW  hybrid  laser  can  be  handled  by  3-5  thyratrons  operating  in 
parallel.  Note  that  3  thyratrons  are  used  in  parallel  to  drive  present-day  commercial  100  W  CVLs.  Gabay  et  al. 
[19]  have  operated  a  120  W  CVL  with  a  single-thyratron  circuit,  where  10  kW  power  was  delivered  to  the  laser 
head  (80  mm  bore,  150  cm  active  length)  in  a  circuit  with  magnetic  assist  and  3-stage  magnetic  pulse 
compression.  Pulse  energies  of  3.6  J  (1.8  J  to  the  laser  tube)  were  switched  at  5.5  kHz  in  the  circuit.  By  contrast, 
the  1  kW  copper  hybrid  laser  requires  pulse  energies  of  3.1  J  to  be  delivered  to  the  discharge  tube  at  17  kHz  PRF. 
All-solid-state  modulators  are  used  to  drive  CVL  PAs  at  Lawrence  Livermore  National  Laboratory  with  input 
powers  of  30  kW  and  PRFs  of  4-5  kHz  [20].  With  modifications  for  high  PRF  operation,  a  similar  system  could 
also  be  applied  to  the  copper  hybrid  laser. 

For  50  kW  total  input  power,  the  specific  input  power  required  is  16-17  kW.m-i,  which  is  similar  to  that 
already  known  to  be  applied  to  CVLs  (-15  kW.m-i)  [15].  Bearing  in  mind  the  600-700°C  lower  wall  temperature 
of  LT  hybrid  lasers,  we  can  see  that  gas  heating  is  unlikely  to  be  a  problem,  although  the  input  power  is  radially 
more  uniform  in  a  CVL.  The  15  kW.m-i  CVL  uses  septa  placed  vertically  along  the  middle  of  the  discharge  tube 
to  cool  the  gas  at  the  centre  of  the  tube,  and  reduce  the  remanent  metastable  state  density  there.  By  making  use  of 
septa  in  a  LT  (-800°C)  hybrid  laser,  we  estimate  that  it  is  possible  to  obtain  1  kW  output  power  from  a  300  cm 
long  discharge  tube  of  230  mm  bore.  The  temperature  profile  in  the  gas  should  be  similar  to  that  expected  in  a 
laser  with  only  8-9  kW.m-^  input  power,  as  the  temperature  of  the  septa  in  the  middle  of  the  tube  should  be  close 
to  the  wall  temperature.  The  PRF  would  be  17  kHz,  the  gas  pressure  13  torr,  the  charging  voltage  19.5  kV,  and  (he 
storage  and  peaking  capacitances  15  nF  and  7.5  nF,  respectively.  The  laser  would  still  require  -50  kW  input 
power,  of  course.  If  the  septa  were  made  of  copper,  they  could  double  as  the  copper  reservoir  in  the  tube. 
Alternatively,  ceramic  (BeO,  alumina)  septa  could  be  used. 

We  therefore  see  that  development  of  a  kilowatt  average  power  copper  hybrid  laser  tube  is  a  practical 
proposition.  In  order  to  ensure  that  the  beam  is  of  high  quality  (^2  times  the  diffraction  limit),  and  to  prevent 
parasitic  depletion  of  the  inversion  by  photons  which  do  not  contribute  to  the  output  beam,  it  is  necessary  to 
extract  the  output  power  using  the  tube  as  either  a  PA  or  as  an  injection-locked  oscillator  (ILO).  As  a  PA,  around 
25%  extra  output  power  should  be  available,  giving  1.25  kW  extractable  power.  For  the  ILO  configuration,  as 
long  as  the  cavity  is  flooded  with  high  quality  light  (1-2  times  the  diffraction  limit)  for  at  least  10-20  ns 
corresponding  to  the  onset  of  gain  in  the  tube,  the  majority  of  the  light  output  should  also  be  of  high  quality. 

Finely,  we  should  mention  that  hybrid  lasers  also  tend  to  operate  at  maximum  efficiency  with  around  60%  of 
the  maumum  output  power.  The  trend  for  maximum  efficiency  (based  on  stored  energy)  as  tube  bore  is  varied  is 
shown  in  Fig.  4.  It  can  be  seen  that  the  efficiency  reaches  a  maximum  of  -3.5%.  We  therefore  expect  the  scaled 
hybrid  lasers  discussed  here  to  generate  -600  W  at  -3.5%  efficiency,  Le.  with  an  electrical  input  power  of  onlv 
17  kW.  Such  a  laser  is  realizable  now. 


CONCLUSIONS 

Copper  lasers  with  hydrogen  halide  additives  are  well  suited  to  scaling  in  volume  to  tube  bores  around  350  mm 
and  discharge  lengths  of  at  least  300  cm.  The  rapid  and  volumetric  nature  of  relaxation  of  the  active  medium  in 
the  interpulse  period  enables  high-PRF  (15-20  kHz)  operation,  even  at  larger  (>60  mm)  bore  sizes.  Evidence  has 
been  presented  that  the  parameters  El  p,  pR  and  the  PRF  are  effectively  constant  for  tube  bores  larger  than  25- 


40  mm.  This  is  a  result  of  most  the  key  laser  kinetics  being  determined  by  volumetric  processes  in  large  bore 
tubes.  The  output  power  per  unit  length  is  a  linear  function  of  tube  bore. 

Kilowatt  average  output  powers  appear  possible  using  only  current  technology.  As  a  starting  point  for  the 
development  of  kilowatt-class  copper  hybrid  lasers,  the  recommended  laser  tube  dimensions  for  1  kW  output 
power  are  250  mm  bore,  300  cm  discharge  length.  The  laser  should  have  a  buffer  gas  pressure  of  10-15  torr,  and 
be  driven  at  15-20  kHz  with  ~20  kV  charging  voltage.  The  storage  and  peaking  capacitances  should  be  15-20  nF 
and  -7.5-10  nF.  Between  3  and  5  thyratrons  could  be  used  with  magnetic  assist  and  multi-stage  magnetic  pulse 
compression  to  drive  the  laser  with  50  kW  input  power.  It  may  be  necessary  to  cool  the  gas  at  the  centre  of  the 
tube  by  radiation  to  the  wall  using  septa. 
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ABSTRACT 

The  results  of  a  detaUed  study  investigating  the  effects  of  HBr,  Br  donors  and  other  halogens  on  the  electrical  n.'d  cptical 
lasing  characteristics  in  an  elemental  copper  vapour  laser  is  reported. 

Keywords,  copper  vapour  laser,  buffer  gas  additives,  HBr,  hydrogen,  halogens,  plasma  kinetics,  dissociative  attachiiient. 


1.  INTRODUCTION 

Copper  vapour  lasers  (CVLs)  have  developed  into  a  mature,  commercially  viable  technology  with  devices  producing  high 
powers  (up  to  1 OOW)  in  the  visible  (5 1 1  and  578nm)  at  efficiencies  of  I  %.  Elemental  CVLs  rely  on  raising  the  temperature  of 
the  plasma  tube  to  >1500"C  which  sets  the  copper  densities  (~10^“m necessary  for  lasing  in  these  devices.  In  recent  years, 
there  has  been  a  significant  development  in  a  variant  of  the  copper  halide  laser,  the  copper  hybrid  laser  (Cu:HyBrID),  which 
can  produce  output  powers  up  to  200W  at  wallplug  efficiencies  of  2%‘.  These  devices  generate  copper  vapour  in  the  laser 
medium  at  much  reduced  temperatures  (typically  ~500'’C)  by  introducing  HBr  into  the  neon  buffer  gas,  which  primarily  reacts 
with  solid  copper  in  the  plasma  tube  to  form  CuBr  which  evaporates  into  the  volume.  Added  HBr  also  has  the  subsidiary  effect 
of  modifying  the  plasma  kinetics  within  the  gain  medium  of  these  devices,  resulting  in  significantly  reduced  prepulse  electron 
densities  which  in  turn  give  rise  to  improved  spatio-temporal  gain  characteristics.  In  particular,  Cu:HyBrID  lasers  have  a 
relatively  long  pulse  duration  (-80- 100ns  compared  to  <60ns  for  elemental  CVLs)  and  a  gaussian-like  radial  intensity  profile 
which  is  well  suited  to  the  efficient  extraction  of  high  beam  quality  output  when  utilising  high  magnification  unstable 
resonators.  Naturally,  it  would  be  highly  desirable  if  these  characteristics  could  be  reproduced  in  elemental  CVLs. 

To  date,  there  has  been  no  comprehensive  study  examining  the  effects  of  halogens  and  hydrogenated  halides  on  the 
performance  of  conventional  high-temperature  CVLs.  A  study  of  this  nature  is  of  significant  interest  because  the  role  of  HBr 
additive  on  the  kinetic  processes  within  the  gain  region  can  be  investigated  independently  from  its  role  in  cc'"“r  vapour 
production  as  in  the  Cu:HyBrID  laser.  In  this  paper,  the  results  of  a  preliminary  study  investigating  the  effects  HBr,  Br 
donors  and  other  halogens  on  the  electrical  V/I  characteristics,  the  output  power  and  spatio-temporal  evolution  of  CVL 
output,  are  described. 


2.  EXPERIMENTAL  DETAILS 

A  medium-sized  CVL  plasma  tube  (25mm  bore  x  Im  length)  was  used  in  the  present  study  with  a  standard  thyratron- 
switched  pulse  charging  circuit  and  storage/peaking  capacitor  values  of  1.5/0.7nF.  The  pulse-repetition  frequency  (PRF)  was 
set  at  17kHz  throughout  (a  typical  value  for  a  Cu:HyBrID  laser)  giving  a  input  power  of  around  3.2kW.  The  CVL  was 
operating  with  a  flat/flat  optical  cavity  comprising  an  AR  coated  high  reflector  (>99%)  and  4%  reflecting  output  coupler.  The 
laser  output  power  was  measured  using  a  calorimetric  power  meter  (Scientech  360001),  and  laser  pulse  shapes  were 
'^20")^°'^^^  ^  vacuum  photodiode  (Hamamatsu  1 193a)  coupled  to  a  storage  oscilloscope  (lOOMHz  Tektronix  TDS 

The  various  buffer  gas  mixtures  used  in  this  study  were  produced  in  a  dedicated  ultra-high  vacuum  gas  handling  system'^ 
which  included  a  mass  quadrapole  spectrometer  (Inficon  Quadrex  100).  Unless  otherwise  stated,  the  buffer  gas  mixtures  were 
introduced  to  the  plasma  tube  at  flow  rates  of  ~3  atm.cc/min  while  maintaining  a  buffer  gas  pressure  of  40  torr  as  measured  at 
the  input  port  (cathode  end)  of  the  plasma  tube. 
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3.  RESULTS 


The  variation  of  the  total  output  power  from  the  CVL  for  different  concentrations  of  the  various  buffer  gas  additives  (H2 , 
HBr,  Br2 )  is  shown  in  Fig.  1 .  For  these  operating  conditions,  the  maximum  power  enhancement  occurred  when  2%  H2  was 
added  to  the  buffer  gas,  increasing  the  output  power  by  a  factor  of  2  compared  with  the  case  for  pure  neon.  A  smaller  increase 
(25%)  was  obtained  for  a  1%  admixture  of  HBr,  a  similar  increase  was  observed  when  HCl  was  added  to  the  buffer  gas 
although  larger  partial  pressures  (~2%)  were  required.  In  contrast,  the  output  power  was  observed  to  decrease  linearly  with 
increasing  concentration  of  a  Br2  additive,  or  CI2  additive  (not  shown).  The  addition  of  either  H2  or  HBr  over  the  range  of 
concentrations  shown  in  Fig.  1  also  resulted  in  small  increases  (-^50  ^C)  in  the  temperature  of  the  plasma  tube  envelope. 

The  addition  of  Br2  (up  to  5%)  produced  no  discernible  effect  on  the  observed  excitation  voltage  and  current  pulses.  At 
optimum  concentrations  of  H2  (2%),  however,  a  significant  increase  in  the  peak  voltage  (by  30%)  and  decrease  of  the  peak 
excitation  current  was  observed  as  reported  previously"^  .  The  same  concentration  of  HBr  (2%)  perturbed  the  voltage/current 
(V/I)  pulse  shapes  to  an  even  greater  degree  with  the  peak  voltage  increasing  by  50%  and  peak  current  down  by  60% 
compared  with  a  pure  neon  buffer  gas.  Similar  changes  to  the  V/I  characteristics  were  observed  when  HCl  was  used  as  an 
additive,  however,  approximately  twice  the  concentration  4%)  was  required  to  obtain  the  same  peak  V/I  values  obtained  for 
2%  HBr. 

The  temporal  behaviour  of  the  laser  output  pulses  for  pure  neon  gas,  and  for  2%  H2 ,  and  2%  HBr  admixtures  is  shown  in 
Fig.  2  (For  ease  of  comparison,  the  pulses  shapes  are  referenced  so  that  they  share  a  common  starting  point  in  time).  For  the 
2%  H2  admixture,  the  pulse  rise-time  and  intensity  of  the  first  peak  were  very  similar  to  that  observed  for  pure  neon.  In  the 
tail-end  of  the  pulse,  however,  the  intensity  was  greatly  enhanced  for  the  case  of  H2  ,  thus  increasing  the  full-width  half¬ 
maximum  duration  of  the  output  pulse.  The  addition  of  HBr  (Fig.2)  and  HCl  (not  shown)  modified  the  temporal  evolution  of 
the  output  pulses  in  a  different  manner  to  H2.  The  peak  intensity  of  the  leading  edge  of  the  pulse  was  significantly  reduced 
whereas  the  intensity  of  the  trailing  edge  was  much  higher  indicating  that  the  peak  gain  had  shifted  to  later  times.  Overall,  the 
pulse  duration  increased  dramatically  from  35ns  (pure  neon)  to  70ns  (HBr).  The  absence  of  significant  round-trip  type 
modulations  of  the  pulse  intensity  for  the  case  of  the  HBr  additive  (compared  with  H2)  also  suggests  that  formation  of  the 
intracavity  laser  radiation  field  by  the  amplification  of  a  “seed”  of  spontaneous  emission^  occurs  over  a  much  longer  timescale 
in  the  case  of  added  HBr.  Finally,  small  concentrations  of  Br2  additive  reduced  the  peak  power  of  all  temporal  components  of 
the  output  pulse. 

The  far-field  intensity  profiles  for  the  laser  output  are  shown  in  Fig.  3.  For  a  pure  neon  buffer  gas,  the  intensity  profile  at 
17kHz  was  highly  annular,  whereas  it  became  peaked  on-axis  when  a  2%H2  admixture  was  used.  The  intensity  profile  also 
became  peaked  on  axis  when  a  2%  HBr  admixture  was  used  although  it  appeared  to  be  slightly  more  constricted  than  for  the 
2%  H2  additive.  The  peaked  far-field  intensity  profiles  for  the  case  of  the  HBr  additive  are  thus  very  similar  to  those  observed 
from  a  Cu:HyBrID  laser^ 

The  variation  of  laser  output  power  with  flow  rate  for  a  1%  HBr-Ne  mixture  is  shown  in  Fig.  4.  It  was  found  that  the 
output  power  increased  dramatically  as  the  flow  rate  was  elevated,  eventually  peaking  at  ~28W  at  a  flow  rate  of  90 
atm.cc/min.  Some  instability  in  the  output  power  levels  was  observed  at  elevated  flow  rates,  however,  the  general  increase  in 
output  power  by  a  factor  of  between  x2-2.5  was  reproducible.  An  increase  of  the  laser  output  power  to  ~  20W  was  also 
obtained  using  a  2%  HCl-Ne  mixture  using  a  moderately  fast  flow  rate  (60  atm.cc/min). 


4.  DISCUSSION 

It  has  been  shown  previously"^  that  the  influence  of  an  H2  additive  on  the  excitation  voltage  and  current  pulses,  and  on  the 
spatio-temporal  evolution  of  the  laser  pulse,  is  consistent  with  a  reduction  of  the  pre-pulse  electron  density  in  the  CVL.  This 
behaviour  has  been  attributed  to  an  improved  rate  of  Cu^/e  recombination  due  to  enhanced  electron  cooling  via  elastic 
collisions  with  H  and  H2 .  HBr  additives  influence  the  V/I  characteristics  in  a  similar  manner  to  H2  additives  implying  these  too 
reduce  the  pre-pulse  electron  density.  However,  a  small  concentration  of  HBr  (~2%)  modifies  the  V/I  characteristics  by  a 
larger  extent  than  an  identical  concentration  of  H2  additive.  These  results  cannot  be  wholly  attributed  to  enhanced  electron 
cooling  by  elastic  collisions  with  the  various  halogen  species,  owing  to  the  lower  mass  ratio  of  the  collision  partners  compared 
to  the  case  with  hydrogen,  nor  to  elastic  interactions  with  the  small  concentrations  of  free  H  expected  to  be  produced  via  HBr 
dissociation  within  the  plasma  region.  Initial  modelling  calculations  of  the  plasma  kinetics  of  the  CVL  with  halogen  donor 
additives,  based  on  earlier  studies  of  laser  kinetics^  ,  suggest  that  there  should  be  a  significant  reduction  of  the  pre-pulse 
electron  density  due  to  the  dissociative  attachment  (DA)  process  during  the  afterglow  period. 
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(1) 


HBr  +  e  =>  H  +  Br  +  *Ei 

The  calculations  suggest  that  the  pre-pulse  electron  density  will  be  reduced  by  more  that  an  order  of  magnitude  if  the 
concentration  of  undissociated  HBr  molecules  is  around  1-2%  of  the  buffer  gas  pressure  for  the  duration  of  the  afterglow 
period.  Cross-sections  for  the  DA  process^'^  for  a  various  halogen  donor  species  and  hydrogen  are  shown  in  Figs.  5  &  6.  For 
HBr,  reaction  (1)  is  slightly  endothermic  (*Ei  --  0.28eV),  but  this  energy  deficit  falls  well  within  the  range  of  typical  electron 
energies  in  the  afterglow  period  (Ei  =  0.2-0.6eV/.  Our  observation  that  the  effects  of  added  HBr  on  CVL  performance  can  be 
reproduced  with  larger  concentrations  of  HCl  additive  is  consistent  with  the  DA  process  reducing  the  pre-pulse  electron 
density.  The  peak  DA  cross-section  for  HCl  is  about  an  order  of  magnitude  lower  than  for  HBr  (Fig.  5),  and  the  energy  deficit 
is  larger  (*Ei  --  O.SleV)  and  less  well  matched  to  the  electron  energies  in  the  plasma.  Hence,  larger  concentrations  of  HCl  are 
required  to  modify  the  V/I  characteristics  by  a  comparable  amount  to  HBr.  In  addition,  added  Br2  had  little  influence  on  laser 
performance,  implying  the  DA  process  with  molecular  bromine  is  less  important,  consistent  with  a  smaller  cross-section  for 
pure  halogen  molecules  compared  with  hydrogen  halides  (eg.  DA  cross-sections  for  I2  and  HI  in  Fig  6.).  It  is  also  noteworthy 
that  the  dissociation  energies  of  the  pure  halogens  are  significantly  lower  than  those  for  the  hydrogen  halides  (eg.  Ediss  = 
1.971eV  for  Br2  compared  with  Ediss“  3.75eV  for  HBr).  Thus,  the  fractional  dissociation  of  the  pure  halogen  molecules  due  to 
electron  and/or  heavy  body  collisions  is  likely  to  be  higher  than  for  hydrogen  halide  molecules,  thereby  reducing  the  number  of 
molecules  available  for  dissociative  attachment  reactions. 

Following  the  production  of  Bf  ions  via  reaction  (1),  modelling  calculations  suggest  that  there  is  a  rapid  quenching  of  the 
Bf  population  via  mutual  neutralisation  with  positively  charged  copper  ions; 


Bf  +  Cu  =>  Cu*  +  Br  +  *E2  (2) 

This  reaction  has  a  rate  coefficient^  (9  m'^  s"*  )  which  is  approximately  three  orders  of  magnitude  larger  than  that  for 

3-body  (electron-assisted)  recombination  which  is  the  principal  volumetric  loss  mechanism  for  copper  ions  in  a  conventional 
CVL  with  a  buffer  gas  of  pure  neon.  The  rapid  recombination  of  copper  ions  and  recovery  of  the  copper  ground  state 
population  is  an  crucial  factor  in  overcoming  the  radial  cataphoresis  effect^  to  allow  high  repetition  rate  operation. 


5.  CONCLUSIONS 

We  have  shown  that  HBr  additives  can  significantly  modify  the  spatio-temporal  output  characteristics  of  a  conventional  high- 
temperature  CVL  ,  In  particular,  we  have  observed  significant  increases  in  the  output  power  ('^x2.5),  pulse  duration  ('-x2)  and 
efficiency  (~xl.5)  for  high  repetition  rate  operation  (17kHz).  Improvements  in  the  pulse  duration  and  in  the  spatial  uniformity 
of  the  output  pulse  are  particularly  important  for  the  efficient  extraction  of  high  beam  quality  output  when  utilising  unstable 
resonators.  The  results  show  that  the  enhanced  kinetic  effects  of  HBr  on  CVL  performance  can  be  harnessed  separate  from  the 
additional  requirements  for  Cu  vapour  production  required  in  the  case  for  Cu:HyBrID  lasers. 
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ABSTRACT 

A  CuBr  laser  with  a  central  electrode  is  reported.  Up  to  the  2  kW  input  power  the  laser  produce  maximum  output 
power  of  47  W  (at  efficiency  2.35  %)  and  maximum  efficiency  2.5  %  (at  42  W  output  power).  Some  features  of  the 
excitation  circuit  and  laser  operation  are  given. 

Keywords:  metal  vapor  lasers,  copper  and  copper  halides  lasers,  excitation  circuits. 


1.  INTRODUCTION 

The  specific  average  output  power  of  the  CuBr  vapor  laser  increases  with  the  decrease  of  the  laser  active  volume.  A 
CuBr  laser*  with  an  active  volume  of  4.77  cm^  produced  a  specific  output  power  of  1.4  W/cm^  .  A  2  W/cm^  specific  power 
from  a  copper  HYBrID  laser  ( the  laser  tube  has  the  same  dimensions  and  active  volume)  is  reported^.  On  the  other  hand, 
with  the  increase  of  the  active  volume  of  the  laser  tubes  (more  than  1000  cm^),  although  the  specific  power  decreases,  the 
average  output  power  and  laser  efficiency  increases  very  strongly  -  up  to  200  W  and  3  %  respectively^’"* .  Moreover,  for  each 
active  volume  above  a  certain  input  power  in  the  discharge,  a  decrease  in  laser  efficiency  is  observed. 

It  is  supposed  that  increasing  of  the  discharge  tube  dimensions  causes  a  decrease  in  the  ratio  E/p,  i.e.  in  electron 
temperature  ,  and  in  discharge  current  density  as  well.  Besides,  the  discharge  circuitry  inductance,  involving  the  laser  tube, 
increases  too.  So,  the  increasing  of  the  discharge  tube  dimensions  leads  to  an  increase  of  the  output  power  and  efficiency, 
but  this  requires  a  higher  input  power  in  the  discharge  and,  hence,  a  higher  voltage  between  the  tube  electrodes.  This  is 
associated  with  certain  difficulties. 

One  way  to  avoid  these  problems  is  to  create  a  two-arms  laser  with  a  central  electrode  (CE). 

In  this  work  we  report  investigation  of  a  CuBr  vapor  laser  with  a  CE.  The  special  features  of  the  excitation  circuit 
and  operation  condition  of  the  laser  are  described. 


2.  EXPERIMENTAL  APPARATUS  AND  RESULTS 


L 


Ce 


Fig.l.  Schematic  diagram  of  the  electrical  circuit 
use  the  CuBr  laser  with  CE  excitation. 


The  discharge  tube  is  made  of  40  mm  inside 
diameter  fused  silica.  The  distance  between  the  two  end 
electrodes  is  114  cm,  so  the  active  length  of  each  of  the 
arms  is  55.5  cm  (the  total  active  volume  is  about  1400  cm^). 
The  CuBr  powder  is  placed  in  six  side  reservoirs,  which  are 
heated  externally.  The  buffer  gas  is  a  mixture  of  16  torr  Ne 
and  0.45  torr  H2.  The  laser  cavity  consists  of  two  flat 
mirrors:  a  99.8  %  reflectivity  mirror  and  a  plane-parallel 
quartz  output  coupler. 

The  CuBr  vapor  laser  with  CE  is  IC-excited  ( the 
interacting  circuits  IC  excitation  of  the  Cubr  laser  is 
described  in  details  in  previous  papers  ^’^).  The  electrical 
scheme  for  the  IC  -  laser  excitation  is  shown  in  Fig.  1.  The 
switch  T  is  a  thyratron  TGI  1000/25.  The  value  of  the 
matching  inductor  L  is  determined  experimentally.  Two 
inductors  Li  and  L2  are  used  to  level  the  voltage  between 
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the  three  electrodes  Ei,  E2  and  E3  during  the  period  of  charging  of  the  capacitance  bank  formed  by  six  capacitors  Ci-^Ce. 
Two  metal  plate  Pi  and  P2  are  located  close  to  the  laser  tube  LT. 

Initially,  some  experiments  to  determine  the  best  excitation  circuit  configuration  were  carried  out.  Varying  the 
design  of  the  plates  Pi  and  P2  and  the  capacitors  C2  and  C5  different  excitation  circuits  were  experimented: 

1.  The  plates  Pi  and  P2  are  each  in  one  piece  and  are  common  for  both  laser  tube  arms.  The  capacitors  C2  and  C5  are 
connected  to  the  middle  of  the  plates  Pi  and  P2  (Fig.  1). 

2.  The  plate  Pi  is  divided  into  two  equal  parts,  one  for  each  laser  arm.  The  capacitor  C2  is  replaced  by  two  equal  capacitors 
to  form  two  independent  circuits  with  the  common  capacitor  C5.  The  plate  P2  remains  in  one  piece. 

3.  The  plate  Pi  is  in  one  piece,  while  P2  is  divided  into  two.  The  capacitor  C5  is  replaced  by  two  capacitors  forming  two 
independent  circuits  with  the  common  capacitor  C2. 

4.  An  excitation  circuit  with  four  metal  plates  and  eight  capacitors  is  also  tested. 

The  best  results  with  respect  to  output  power,  efficiency  and  stability  of  laser  operation  -  simultaneous  charging  the 
discharge  in  the  two  arms  and  identical  current  pulses  (amplitude  and  time  behaviour)  are  obtained  with  the  first  excitation 
circuit,  shown  in  Fig.2  All  further  experiments  are  made  using  this  excitation  circuit. 

The  capacitors  C2  and  C5  which  are  common  for  the  two  arms  of  the  laser  tube  are  connected  to  the  central 
electrode  E2.  The  potential  of  E2  electrode  is  lower  than  that  of  the  other  two  electrodes  Ei  and  E3.  It  is  well  known  that  for 
this  type  of  lasers  the  electrode  which  has  a  higher  potential  in  operation  condition  is  much  warmer  than  the  other 
electrode.  In  our  case  the  current  through  the  central  electrode  E2  is  twice  the  current  through  the  other  two  electrodes  Ei 
and  E3,  so  the  temperature  of  the  three  electrodes  is  almost  levelled. 


Table:  Ci  -.Ce  -nominal-value  capacitances;  Co-hot-value  bank  capacitances;  P*^-maximal  output  power;  Ti“^-maximal 
efficiency;  Ph2=0.44;  Torr  ;PNe=16Torr;  f=21.7kHz; 


capacitor 

banks 

C,,pF 

C2,pF 

C3,pF 

C4,pF 

C5,pF 

C6,pF 

Co,pF 

pmaxw 

CBl 

770 

235 

770 

70 

3300 

70 

1130 

36.2 

2.30 

CB2 

770 

235 

111 

70 

2670 

70 

1030 

40.5 

2.34 

CB3 

940 

235 

940 

90 

2200 

90 

1030 

42.8 

2.52 

CB4 

1100 

235 

1100 

90 

1650 

90  ' 

1000 

42.3 

2.47 

CB5 

1100 

235 

1100 

90 

2200 

90 

1110 

42.3 

2.46 

From  the  high  number  of  variations  for  capacitors  Ci^Ce,  five  capacitors  banks  (CB),  giving  the  best  output  laser 
characteristics,  are  chosen  and  they  are  investigated  at  different  operation  conditions.  The  following  parameters  for  the 
five  CB  are  given  in  the  Table:  Cl*^C6  -  nominal-value  capacitances;  Co  -  hot  value  bank  capacitance  measured  in  the  points 
A  and  B  (Fig.l)  at  1.7  kW  input  power  in  the  discharge;  P*^  -  maximal  output  power  and  -  maximal  efficiency 
obtained  with  the  corresponding  CB.  Two  peaks  are  observed  in  the  discharge  current  pulses  form,  the  first  being  the 
excitation  pulse.  It  is  found  that  the  ratio  between  the  amplitudes  of  the  first  and  the  second  peak  is  changed  when  changing 
the  capacitors  Ci,  C3  and  C5.  For  the  five  CB  this  ratio  is  changed  from  5:3  for  CBl  to  5: 1  for  CB5. 

The  dependence  of  the  output  power  and  efficiency  from  the  pulse  recurrence  frequency  is  similar  for  all  CB  and 
different  input  power.  Two  peaks  in  the  output  power  are  observed  -  the  first  around  16.5  kHz  and  the  second,  which  is 
much  higher,  at  21.7  kHz.  The  observed  minimum  at  18  kHz  is  due  to  discharge  striation  and  instability. 

The  dependence  of  laser  output  power  and  efficiency  on  input  power  in  the  discharge  (determined  from  the 
charging  voltage  of  the  CB)  for  the  CB3  at  21.7  kHz  is  shown  in  Fig.2.  Unfortunately,  the  employed  power  supply  limited 
the  input  power  in  the  discharge  maximum  up  to  2  kW.  For  that  reason  the  investigations  are  made  for  input  power  up  to 
1.8  kW.  The  thermal  insulation  of  the  discharge  tube  is  changed  depending  on  the  input  power  to  maintain  an  equal 
temperature  of  the  discharge  tube  wall.  The  capacitance  value  Co  of  the  CB  is  measured  for  each  input  power  and  the  input 
power  is  determinate  from  Co  and  the  corresponding  charging  voltage.  The  dependence  of  the  output  power  has  not  reached 
a  plateau  with  increasing  of  the  input  power  which  indicated  that  high  output  power  is  possible  to  obtain  at  higher  input 
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Fig.2.  Laser  output  power  and  efficiency  as  a  function 
of  pulse  recurrence  frequency  for  CB3. 


efficiency,  can  be  noted. 

1.  Low  inductance  of  the  discharge  circuit. 


powers  Maximum  efficiency  of  2.5  %  at  output  power 
42  W  IS  obtained.  At  input  power  2  kW  (  for  a  short 
time  -  a  few  minutes)  an  average  output  power  of  47  W 
at  efficiency  of  2.35  %  is  obtained  with  CB3. 


3.  DISCUSSION 

We  have  demonstrated  that  the  sealed-off  CuBr 
laser  can  be  operated  with  two  arms  and  a  CE,  to  yield 
an  average  output  power  exceeding  40  W  at  an 
fficiency  of  2.5  %.  The  obtained  results  show  that  in 
le  investigated  range  of  input  power  -  up  to  1.8  kW, 
he  output  power  and  efficiency  of  the  CuBr  laser  with 
E  are  comparable  to  these  obtained  with  a  copper 
HyBrID  laser^,  although  the  investigated  laser  tube  has  a 
smaller  active  volume. 

Some  peculiar  features  in  the  CuBr  laser  with 
CE  which  help  to  obtain  a  higher  output  power  and 


the  inductance  invol .  g  the 
le  active  length  but  with  two  electrodes).Moreover,  the 
:urrent  in  the  two  arms  flows  in  opposite  directions  and, 
due  to  the  mutual  inductance.  All  this  leads  to  an 


In  the  used  excitation  circuit  (Fig.l)  the  inductance  of  each  di?  harge  circuit  is  smaller  than 
whole  length  of  the  laser  tube  (a  discharge  tube  with  the  r 
discharge  circuits  are  designed  in  such  way,  that  the  discharg 
hence,  there  is  a  positive  effect  on  the  circuit  reactive  resist:  ce 
increase  of  the  current  rise  rate.  The  measured  duration  of  the  current  pulses  rise-time  at  the  electrodes  Ei  ,  E2  and  E3  is  40 


ns. 

2.  High  voltage  between  the  electrodes  in  the  two  arms. 

In  the  CuBr  lasers  with  two  electrodes  even  when  IC-excitation  is  used,  the  voltage  pulse  amplitude  between  the  two 
electrodes  unsurpasses  the  voltage  to  which  the  storage  capacitor  or  the  CB  are  charged.  At  the  CuBr  lasers  with  CE  for 
some  combinations  of  capacitors  forming  the  CB,  the  sum  of  the  voltage  pulse  amplitudes  between  the  electrodes  in  the 
two  arms  is  higher  than  the  CB  charging  voltage. 

3.  Low  value  of  the  CB  of  the  excitation  circuits  in  the  two  arms. 

It  is  well  known  that  with  CuBr  and  HyBrID^  lasers  there  is  a  clear  trend  towards  higher  operating  efficiencies  at  lower 
capacitance  of  the  storage  capacitor  or  the  CB.  This  requires  a  higher  voltage  between  the  electrodes  (or  a  high  value 
capacitors  has  to  be  used,  which  leads  to  a  decrease  of  the  laser  efficiency).  At  the  laser  with  CE  the  circuits  forming  the 
excitation  circuits  of  the  two  arms  are  connected  in  parallel  (C2  and  C5  are  common)  in  the  interpulse  period  (the  process  of 
the  charging).  This  allows  to  use  a  comparatively  low  values  of  the  CB  for  each  separate  arm  but  the  common  ca]:5acitance  is 
higher,  which  allows  a  higher  input  power  in  the  discharge  at  the  optimal  value  of  the  CB. 

4.  High  pulse  recurrence  frequency. 

The  dependence  of  the  laser  output  power  on  the  pulse  recurrence  frequency  of  the  laser  with  CE  is  similar  to  this  for  a  50 
cm  long  laser  tube^  but  the  second  peak  is  much  higher.  This  allows,  in  spite  of  the  bigger  active  volume  to  operated  at  high 
friquency  which  leads  to  a  higher  power  input  into  the  discharge  at  lower  charging  voltage. 

5.  Requirement  to  maintain  an  equal  vapor  density  in  the  two  laser  arms. 

It  is  vary  important  to  maintain  an  equal  vapor  density  in  the  two  laser  arms.  Eventual  change  in  the  metal  vapor 
concentration  in  one  of  the  arms  causes  discharge  instability  and  vanishing  of  the  oscillation  in  this  arm. 

In  conclusion,  a  sealed-off  CuBr  laser  with  a  CE  is  described.  With  this  laser  a  maximal  efficiency  of  2.5%  at 
output  power  of  42  W  and  maximal  output  power  of  47  W  at  efficiency  of  2.35  %  are  obtained.  The  results  show  that  there 
seems  to  be  no  fundamental  limitation  to  obtain  a  high  output  power  from  a  CuBr  laser  with  a  CE  increasing  both  the  input 
power  and  the  laser  tube  dimensions. 
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ABSTRACT 

Results  of  parametric  studies  on  a  high  efficiency,  2.7  pm  atomic  bromine  laser,  produced  by  photolyzing  IBr  with 
532  nm  radiation,  are  presented.  Concurrently,  the  results  of  a  rate  equation  computer  model  show  excellent 
agreement  with  experimental  measurements. 


1.  INTRODUCTION 

Iodine  monobromide  (IBr)  exhibits  strong,  continuous  absorption  throughout  the  450  nm  to  550  nm  range,  ^  which 
makes  pumping  with  a  frequency  doubled  Nd:YAG  laser  (532  nm)  ideal.  Absorption  of  pump  photons  results 
primarily  in  excitation  into  the  B  ^IIo^  electronic  state,  which  preferentially  dissociates  (quantum  yield  O  of  68%)^ 
to  form  I  +  Br  (^Pi/2).  The  dominance  of  the  diabatic  dissociation  channel  immediately  results  in  a  population 
inversion  between  the  Br  (^Pi/2)  state  and  the  Br  (^P3/2)  ground  state.  Lasing  may  therefore  be  achieved  at  2.714 
pm  via  the  magnetic  dipole  transition  between  the  states.  Examination  of  the  hyperfme  levels  of  the  two  states 
reveals  six  allowed  transitions,  of  which  the  2  3  transition  is  the  observed  lasing  transition. 

2.  EXPERIMENTAL 

Two  separate  types  of  experiments  were  performed:  small  signal  gain  and  lineshape  experiments,  and  laser  power 
extraction  experiments.  The  first  type  were  performed  to  directly  measure  the  atomic  bromine  gain  and  hyperfme 
transition  lineshape  as  a  function  of  time.  This  was  accomplished  by  measuring  the  gain  with  a  tunable  F-center 
laser.  The  F-center  laser  produces  2.7  pm  laser  radiation  tunable  over  a  100  GHz  range;  therefore,  it  may  be  tuned 
through,  or  locked  onto,  any  of  the  Br  ^Pi/2  hyperfme  resonances.  As  shown  in  Figure  1.  The  F-center 

beam  is  combined  with  the  532  nm  output  from  a  frequency  doubled  Nd;YAG  laser  by  means  of  a  Pellin-Broca 
prism.  The  combined  beams  pass  through  the  IBr  cell  and  then  are  separated.  The  2.7  pm  beam  passes  through  a 
filter  and  onto  an  indium  arsenide  (InAs)  detector.  The  small  signal  gain  of  the  2.7  pm  light  was  measured 
directly  by  monitoring  the  gain  intensity  while  the  F-center  laser  was  locked  to  the  2  3  hyperfine  transition 

frequency.  This  was  done  for  a  number  of  532  nm  pump  energies  varying  from  5  mJ  to  155  mJ. 

In  order  to  determine  whether  the  Br  2  ^  3  hyperfine  transition  lineshape  was  varying  with  time,  the  following 
approach  was  employed.  First,  a  time  slice  at  a  certain  delay  in  the  small  signal  gain  profile  was  selected  with  a 
gated  integrator.  Then  the  F-center  laser  was  tuned  through  the  2  3  hyperfine  transition  frequency.  The 

FWHM  of  the  integrated  signal  is  therefore  the  transition  linewidth  for  the  selected  delay  in  time.  By  repeating 
this  at  different  time  delays,  the  transition  lineshape  is  mapped  out  as  a  function  of  time.  In  the  same  manner,  the 
iodine  atom  absorption  lineshape  could  be  measured  by  monitoring  the  absorption  of  a  tunable  1.3  pm  diode  laser 
sweeping  through  the  3  ^  4  hyperfine  transition  of  the  atomic  iodine  ^Pi/2  ^Psn  transition. 

The  laser  power  extraction  experiment  is  shown  schematically  in  Figure  2.  The  532  nm  light  passes  through  a  lens 
which  ensures  the  532  nm  beam  is  expanding  when  it  reaches  the  IBr  cell.  The  532  nm  light  is  coupled  onto  the 
cell  axis  by  a  hole-coupler,  which  is  a  45°  mirror  through  which  a  small  hole  has  been  drilled.  The  hole  is 
orientated  at  45°  to  the  mirror  surface  and  aligned  along  the  cell  axis.  The  Nd:YAG  laser  used  in  this  experiment 
produces  an  annular  mode,  and  the  hole  in  the  mirror  is  slightly  smaller  than  the  532  nm  beam  inner  diameter. 

The  532  nm  beam  is  centered  around  the  hole,  allowing  the  pump  energy  to  be  coupled  onto  the  cell  axis  with 
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minimal  loss.  A  2.7  fxm  hemispherical  laser  cavity  is  arranged  around  the  cell  and  along  its  axis.  The  2.7  \im 
laser  mode  passes  unmolested  through  the  hole-coupler.  This  geometry  allows  for  the  pumped  volume  to  be 
completely  enclosed  within  the  cone  of  the  2.7  pm  laser  mode.  Having  the  532  nm  beam  expanding  through  the 
cell  results  in  a  higher  degree  of  overlap  between  the  two  volumes.  Zinc  selenide  flats  of  differing  transmissions 
are  used  as  the  output  couplers.  The  2.7  pm  laser  light  is  detected  and  analyzed  by  an  energy  meter  and  a  fast  gold 
doped  germanium  detector  (Ge:  Au). 

3.  Rate  Equation  Model 

The  gain  a  of  this  laser  system  is  modeled  by  the  following  equation 

,  a  =  a2.3  (  5/8  [Br*]  -  7/16  5/7  [Br]  )  (1) 

where  the  cross-section  a2.3  is  defined  as 

a2.3  =  A2_3  f(v)  (2) 

X  is  the  lasing  wavelength,  A2.3  is  the  probability  of  spontaneous  emission  (Einstein  A  coefficient),  and  f(v)  is  the 
lineshape  function.  [Br*]  and  [Br]  are  the  total  populations  in  the  ^Pi/2  and^P3/2  states,  respectively.  Fast 
relaxation  between  the  hyperfme  levels  is  assumed,  causing  the  population  to  be  distributed  statistically  among  the 
hyperfine  levels,  hence  the  5/8  and  7/16  statistical  weighting  coefficients.  The  5/7  coefficient  is  the  degeneracy 
ratio  between  the  lasing  levels. 

A  value  of  0.629  sec'^  is  used  for  A2.3  which  is  deconvoluted  from  the  total  lifetime  (1.1  sec)^  for  the  transition. 
This  value  is  also  consistent  with  experimental  measurements  of  the  cross-section  of  1.0  ±  0.2  x  10**^  cm^  for  a 
single  isotope,"^ 

Bromine  consists  of  two  isotopes  in  nearly  equal  abundance;  the  isotopic  splitting  for  the  2  -  3  hyperfine  transition 
is  156  MHz,^  nearly  equal  to  the  Doppler  width  of  each  line  at  300''  K.  It  is  assumed,  however,  the  laser  operates 
on  a  single  frequency,  with  an  expanded  lineshape.  Therefore,  a  normalized  two-Gaussian  lineshape  function  is 
used 
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where  Avd  is  the  Doppler  width,  and  Vs  is  the  isotope  splitting.  The  value  of  the  lineshape  function  is  evaluated  at 
its  peak  value,  and  this  is  used  in  the  gain  calculation.  Interestingly,  above  400°  K,  the  temperature  dependence  of 
this  equation  is  nearly  constant. 

The  gain  equation  is  coupled  to  kinetic  equations,  based  upon  the  rate  constants  for  the  seventeen  chemical 
reactions  between  the  gaseous  species  following  photolysis.  However,  on  the  time  scale  of  tlie  laser  pulse 
(within  several  hundred  nanoseconds  of  photolysis),  few  reactions  have  fast  enough  rate  constants  or  high  enough 
reactant  concentrations  to  effect  the  lasing  system.  The  three  exceptions  are  deactivation  of  excited  bromine  atoms 
by  IBr  and  by  iodine  atoms,  and  removal  of  ground  state  bromine  atoms  by  IBr.  Differential  equations  for  the  time 
dependence  of  the  chemical  species  during  the  photolysis  and  lasing  processes  are  derived,  and  these  equations 
constitute  the  rate  equation  model. 
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4.  RESULTS  AND  DISCUSSION 


Shown  in  Figure  3  are  the  results  of  the  line-center  small  signal  gain  measurements  plotted  as  a  function  of  the 
absorbed  pump  energy.  Values  of  the  small  signal  gain  were  recorded  100  ns  after  the  excitation  pulse,  after 
thermal  relaxation  has  occurred.  If  no  kinetics  occur,  the  gain  should  be  a  linear  function  of  the  absorbed  pump 
energy.  Also  shown  are  lines  for  the  associated  error  bands  for  the  cross-section  and  quantum  yield.  The  tinee 
inner  lines  are  associated  with  the  +5%  reported  error  bands  for  the  outermost  two  lines  are  the  boundaries 
due  to  the  +  20%  error  band  reported  for  the  cross-section."*  The  curvature  of  the  measured  gain  data  is  due  to  the 
combined  kinetic  effects  of  the  three  reactions  discussed  earlier  during  the  100  nanoseconds  between  the  excitation 
pulse  and  the  gain  measurement.  At  low  pump  energies,  removal  of  ground  state  bromine  atoms  by  IBr  dominates 
due  to  the  low  dissociation  and  high  concentration  of  IBr.  This  reaction  increases  the  observed  gain  by  removing 
the  lower  lasing  level.  As  the  pump  energy  increases,  IBr  becomes  more  fully  dissociated,  creating  higher 
concentration  of  I  atoms.  In  this  regime,  deactivation  of  excited  Br  by  iodine  atoms  becomes  dominant,  decreasing 
the  observed  gain. 

Figure  4  shows  the  experimentally  measured  lineshapes  for  the  2-3  hyperfine  transition  in  bromine  (which  shows 
gain),  and  the  3-4  hyperfine  transition  in  iodine  (which  shows  adsorption).  The  lineshape  profiles  were  taken  at 
different  time  delays  with  respect  to  the  excitation  pulse.  Both  the  bromine  and  iodine  lineshapes  reach  a  temporal 
quasi  steady  state  between  50  ns  and  100  ns  after  the  excitation  pulse.  This  is  interpreted  as  being  due  to  the  rapid 
thermalization  of  the  excess  kinetic  energies  carried  by  the  photolysis  photofragments.  While  it  is  not  possible  to 
extract  a  temperature  from  the  lineshapes  (due  to  the  strong  temperature  variation  along  the  cell  axis),  the 
linewidths  are  much  broader  than  300*"  K  Doppler  widths. 

Shown  in  Figure  5  is  a  comparison  of  the  rate  equation  model  with  the  experimental  energy  extraction  data.  The 
two  curves  correspond  to  the  model  having  values  of  the  quantum  yield  of  0.68  and  0.58.  Of  the  various  adjustable 
parameters  in  the  rate  equation  model,  changes  in  the  quantum  yield  exhibit  the  greatest  effect  on  the  results. 
Adjusting  the  value  of  the  quantum  yield  allowed  for  a  quantitative  match  to  the  experimental  power  extraction 
data  while  still  preserving  the  qualitative  features  of  the  curves.  As  can  be  seen,  the  best  fit  to  the  experimental 
data  is  achieved  by  reducing  O  from  its  measured  value  of  0.68  to  0.58.  Without  the  reduction  in  O,  the 
experimental  data  is  approximately  70%  of  the  model  results.  The  observed  dip  in  the  curves  is  a  result  of  the 
kinetic  effect  of  the  ground  state  Br  atom  removal. 

Figure  6  is  the  comparison  of  the  experimentally  measured  mode  build  up  times  with  the  rate  equation  model 
results.  In  this  case  the  agreement  between  theory  and  experiment  gets  worse  as  the  quantum  yield  is  reduced. 
However,  for  short  mode  build  up  times  where  the  chemical  kinetic  processes  are  expected  to  have  the  smallest 
effect,  reasonable  agreement  is  still  shown  for  O  of  0.58.  It  is  important  to  note  the  rate  equation  model  has  no 
axial  dependence;  absorption  of  pump  energy  and  emission  of  laser  light  is  assumed  to  be  constant  throughout  the 
IBr  cell.  Since  the  temporal  behavior  of  the  output  pulse  is  dependent  upon  the  local  emission  along  the  cell  axis, 
it  is  more  sensitive  to  the  constant  absorption  assumption  than  the  output  energy.  Therefore  to  improve  the 
agreement  between  the  rate  equation  model  and  the  experimental  mode  build  up  times  would  require  adding  an 
axial  dependence  to  the  rate  equation  model. 


5.  CONCLUSION 

Direct  gain  experimental  results  are  well  within  the  error  limits  for  the  accepted  values  of  the  cross-section  and 
quantum  yield.  Deviations  from  linearity  of  the  results  are  understood  by  examination  of  the  relevant  chemical 
kinetic  effects.  The  Br  atom  lineshape  relaxes  to  a  quasi  steady  state  on  a  fast  time  scale,  and  remains  essentially 
constant  through  the  lasing  lifetime.  A  rate  equation  model  was  developed  which  explains  the  experimental  laser 
power  extraction  and  mode  build  up  time  results.  Given  the  caveats  of  this  model,  excellent  agreement  between 
theoretical  and  experimental  results  exists.  While  better  agreement  to  the  power  extraction  data  is  made  with  an 
adjustment  to  the  quantum  yield,  70%  of  the  theoretical  energy  is  extracted.  Improvements  to  the  mode  build  up 
time  results  would  require  implementation  of  an  axial  dependence  in  the  rate  equation  model 


Figure  L  Experimental  arrangement  for  small  signal  gain  and  atomic 
lineshape  measurements. 


Figure  2.  Experimental  arrangement  of  the  2.7  ^m  atomic  bromine  laser.  In 
actual  experimental  geometry,  the  532  nmbeam  (dashed  line)  is  entirely 
enclosed  within  the  2.7  |im  laser  mode  volume  (solid  line)  along  the  entire  gain 
length  of  the  cell. 
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Small  Signal  Gain  (%/cm) 


Figure  3.  Experimentally  measured  small  signal  gain  as  a  function  of  absorbed 
pump  energy.  Data  points  indicate  error  bands  on  their  measurements.  Solid 
lines  indicate  range  of  values  for  the  reported  errors  in  the  quantum  yield  (j) 
and  cross-section  a. 


Frequency  (MHz)  Frequency  (Mhz) 

A  B 

Figure  4.  Experimentally  measured  atomic  lineshapes  showing  time  evolution 
of  their  relaxation  to  equilibrium. 

A.  Bromine  2-^3  hyperfine  transition  of  the  ^Pi/2->%/2 

2  2 

B.  Iodine  3  4  hyperfine  transition  of  the  Pi/2->  P3/2 
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3.0  torr  IBr  Quantum  Efficiency  *  0.68 


3.0  torr  IBr  Quantum  Efficiency  =  0.58 
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Output  Coupler  Transmission  (%) 


110.  mJ  85.6  mJ  67.5  mJ 

Absorbed  Absorbed  Absorbed 


46.4  mJ  22.6  mJ 
Absorbed  Absorbed 


Figure  5.  2.7|im  bromine  laser  output  energy  vs.  output  coupler  transmission; 
comparison  of  rate  equation  model  results  to  experimentally  measured  values. 
Quantum  yield  equal  to  (A).  0.68  (B).  0.58. 


3.0  torr  IBr  Quantum  Efficiency  *  0.68 


tIO.mJ  B5.6nul  67.5  mJ 
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3.0  torr  IBr  Quantum  Efficiency  =  0.58 


4S.4  mJ  22.6  mJ 
Absorbed  /U)6ort>ed 


Figure  6.  2.7|im  bromine  laser  mode  build  up  time  vs.  output  coupler 

transmission;  comparison  of  rate  equation  model  results  to  experimentally 
measured  values.  Quantum  yield  equal  to  (A).  0.68  (B).  0.58. 
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ABSTRACT 

A  high  pulse  repetition  rate  helium-xenon  laser  is  described.  The  laser  produces  output  at  four  principal  wavelengths  and  can 
be  tuned  to  several  others.  The  primary  laser  excitation  mechanism  is  identified  as  recombination  pumping  in  the  afterglow. 
The  importance  of  rapid  quenching  of  the  discharge  current  is  demonstrated  and  an  excitation  circuit  to  achieve  this  is 
described. 

Keywords:  xenon  laser,  pulsed  laser,  inlfared  laser,  recombination 


1.  INTRODUCTION 

Atomic  xenon  is  an  attractive  candidate  for  a  mid-inffared  laser  source  due  to  its  large  number  of  lasing  transitions  and  its 
inert  chemistry.  In  addition,  several  of  the  strongest  laser  wavelengths  such  as  2.03|im  and  3.51  pm  are  well  matched  to 
atmospheric  transmission  windows.  CW  xenon  lasers  driven  by  a  longitudinal  dc  discharge  are  generally  quite  bulky  and 
inefficient.  However,  other  excitation  schemes  can  be  fairly  compact  with  efficiencies  of  up  to  several  per  cent. 

There  has  been  an  ongoing  programme  of  xenon  laser  research  at  DRA  for  several  years  and  a  variety  of  different  types  of 
laser  has  been  built  and  investigated.  These  range  from  large,  pulsed,  e-beam  systems  to  compact,  rf-excited  cw  waveguide 
xenon  lasers.  This  paper  describes  a  longitudinal  discharge-excited  pulsed  xenon  laser  capable  of  operation  at  pulse  repetition 
frequencies  (prf)  ranging  from  a  few  hundred  hertz  to  tens  of  kilohertz. 


2.  LASER  CONSTRUCTION 

Single-shot  xenon  lasers  are  frequently  of  the  TEA  laser  type  similar  to  excimer  lasers.  Pulse  energies  of  a  few  tens  of 
millijoules  are  easily  obtainable  from  such  a  device.  However,  in  order  to  operate  at  high  prf  s  a  flow  loop  is  required  to  clear 
the  gas  in  the  discharge  between  pulses.  Otherwise,  the  residual  non-uniformities  in  the  gas  from  a  discharge  pulse  can  result 
in  the  formation  of  arcs  in  subsequent  pulses.  This  is  detrimental  to  the  laser  performance.  Ever  increasing  gas  flow  speeds  are 
required  as  the  prf  increases  and  thus  the  maximum  prf  from  a  TEA  laser  is  limited  to  typically  a  few  hundred  hertz. 

An  alternative  approach  developed  at  DRA  is  to  employ  a  longitudinal  discharge.  Since  the  cross-section  of  the  discharge  is 
small,  non-uniformities  can  be  more  easily  tolerated  and  the  relaxation  time  of  the  gas  improves.  This  enables  prf  s  of  tens  of 
kilohertz  to  be  achieved  with  little  or  no  gas  flow. 


Fig.  L 


A  section  of  the  laser  is  shown  in  figure  1.  The  laser  discharge  tube  is  a  narrow-bore  (6mm  i.d.)  fused  silica  tube  with  a 
700mm  discharge  length.  The  tube  is  surrounded  by  a  tubular  metal  earth  return  with  a  short  insulating  section  near  the 
cathode.  Water  flowed  through  the  volume  between  the  jacket  and  the  tube  acts  as  both  a  coolant  and  a  dielectric  medium.  A 
pair  of  discharge  capacitors  is  mounted  on  the  insulated  section  in  a  low  inductance  geometry  to  maximise  the  speed  of  the 
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discharge  circuit.  The  laser  medium  is  a  mixture  of  helium  and  xenon  at  a  pressure  of  a  few  hundred  torr.  The  typical  gas 
mixture  has  a  He:Xe  ratio  of  250: 1 .  A  slow  flow  of  gas  was  maintained  through  the  laser  to  sweep  out  any  impurities. 

The  excitation  circuit  of  the  laser  is  shown  in  figure  2.  In  operation,  the  discharge  capacitors  are  resonantly  charged  through 
an  inductor  and  diode  to  twice  the  power  supply  voltage.  A  thyratron  switch  connected  through  a  saturable  inductor  across 
one  of  the  capacitors  is  then  fired.  This  inverts  the  voltage  across  that  capacitor  and  hence  delivers  a  voltage  of  up  to  four 
times  the  power  supply  voltage  across  the  discharge.  Gas  breakdown  normally  occurs  before  this  voltage  is  reached  and  the 
capacitors  discharge  through  the  laser.  The  prf  of  the  laser  is  limited  only  by  the  resonant  frequency  of  the  charging  circuit  to 
around  25kHz. 


Fig,  3.  Time-resolved  laser  pulse 


The  time  resolved  output  from  the  laser  is  shown  in  figure  3.  A  somewhat  surprising  feature  is  the  appearance  of  laser  output 
slightly  before  the  start  of  the  anode  current.  This  effect  arises  from  the  initial  breakdown  of  the  laser  gas.  At  the  start  of  the 
pulse,  the  electric  field  is  concentrated  along  a  short  section  of  the  discharge  near  the  cathode  due  to  the  shielding  effect  of  the 
coaxial  earth  return.  When  this  section  breaks  down  the  gas  conducts  and  the  field  penetrates  into  the  shielded  region.  A 
‘breakdown  wave’  then  propagates  along  the  tube.  Since  the  current  probe  is  situated  near  the  anode,  no  current  is  registered 
until  the  entire  discharge  length  has  broken  down.  The  laser  output  during  this  time  arises  from  the  displacement  current  as 
energy  is  transferred  to  the  capacitor  formed  between  the  discharge  and  the  earth  return.  The  presence  of  the  water 
substantially  increases  the  capacitance  of  this  section  and  can  give  rise  to  propagation  delays  of  up  to  several  microseconds 
when  the  applied  voltage  is  close  to  the  breakdown  voltage  of  the  tube.  Another  benefit  from  the  arrangement  is  that,  since  the 
breakdown  of  the  gas  occurs  sequentially,  the  voltage  applied  to  the  tube  need  only  be  sufficient  to  maintain  the  existing 
discharge  plus  that  required  to  break  down  a  short  additional  length  of  plasma.  Thus,  the  length  of  the  tube  can  be  scaled 
without  significantly  increasing  the  applied  voltage. 

The  other  major  feature  of  the  laser  pulse  is  the  strong  output  during  the  afterglow.  This  is  indicative  of  recombination 
pumping  of  the  laser  levels.  It  is  apparent  that  the  presence  of  any  residual  discharge  current  during  this  time  is  highly 
detrimental  to  laser  performance.  This  could  be  due  either  to  direct  electron  excitation  of  the  lower  laser  level  or  to  an 
increase  in  the  electron  temperature  which  would  reduce  the  recombination  rate.  Even  very  small  residual  currents  can  quench 
the  laser  completely. 


3.  IMPROVED  EXCITATION  CIRCUIT 

In  view  of  the  quenching  of  the  laser  output  by  residual  oscillations  in  the  discharge  circuitry,  a  more  elaborate  scheme  was 
required  to  remove  any  residual  energy  remaining  after  the  initial  discharge  pulse.  This  was  achieved  by  the  incorporation  of  a 
pair  of  fast  high-voltage  diodes  as  shown  in  figure  4.  Diode  D1  blocks  the  reverse  current  when  the  oscillations  begin.  Diode 
D2  provides  an  alternative  path  for  the  reverse  current.  A  pair  of  resistors  was  also  included  to  provide  critical  damping  of  the 
oscillations  so  that  the  energy  was  dissipated  before  the  next  oscillation.  In  order  for  the  circuit  to  work  efficiently,  both 
diodes  must  withstand  large  reverse  voltages  and  high  forward  currents.  They  should  also  switch  on  and  off  quickly  to 
minimise  hysteresis  losses.  The  diodes  used  for  this  work  were  constructed  from  a  network  of  small  fast  semiconductor  diodes 
in  a  series-parallel  arrangement.  Each  individual  diode  was  rated  to  withstand  IkV  reverse  voltage  and  3A  dc  forward  current 
The  number  of  diodes  in  each  of  D1  and  D2  was  chosen  as  appropriate. 
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no  diode 


parallel  diode 


serial  diode 


both  diodes 


Fig.  5.  Effects  of  pulse-shaping  diodes 


The  effects  of  incorporating  various  combinations  of  diodes  are  shown  in  figure  5.  The  current  oscillations  in  the  absence  of 
any  diodes  are  clearly  visible  in  the  first  frame  and  laser  output  after  the  discharge  pulse  appears  initially  only  as  a  short  spike 
as  the  current  passes  through  zero.  The  parallel  diode  D2  reduces  the  reverse  current  by  acting  as  a  shunt  across  the  discharge. 
This  produces  an  increase  in  the  amplitude  of  the  initial  spike  and  allows  weak  laser  output  in  the  early  afterglow.  The  series 
diode  D1  effectively  blocks  the  reverse  current  but  the  output  is  quenched  by  subsequent  oscillations.  The  combination  of 
both  diodes  effectively  removes  any  oscillations  and  the  result  is  a  substantial  increase  in  pulse  energy.  An  estimate  of  the 
improvement  can  be  made  by  comparing  the  area  under  the  curve  on  each  graph.  The  overall  increase  is  around  a  factor  of 
two  in  both  power  and  efficiency. 


4.  LASER  PERFORMANCE 

The  laser  can  be  operated  at  any  prf  in  the  range  20Hz  to  20kHz.  The  upper  limit  is  set  by  the  charging  circuitry.  Operation  at 
higher  frequencies  is  possible  but  the  performance  is  reduced  due  to  a  reduction  in  the  charging  voltage.  At  low  frequencies 
the  inter-pulse  period  is  too  long  for  any  significant  excitation  to  remain  in  the  gas  immediately  prior  to  the  following  pulse 
and  this  can  lead  to  some  discharge  instability.  This  can  be  mitigated  somewhat  by  increasing  the  storage  capacitance,  and 
hence  the  energy  deposited  in  each  pulse,  but  stable  operation  is  difficult  at  prf  s  below  about  700Hz.  At  prf  s  below  ~2.5kHz 
the  output  energy  per  pulse  increases  slightly  with  increasing  prf  due  to  the  improved  pre-ionisation.  At  higher  prf  s,  the 
output  energy  per  pulse  falls  but  the  average  power  increases.  At  prf  s  above  ~8kHz,  the  output  power  falls  slowly.  The 
frequency  for  maximum  output  power  depends  on  the  storage  capacitance.  The  values  quoted  here  are  dependent  on  the  exact 
operating  conditions  but  a  typical  set  of  performance  data  is  shown  in  figure  6. 


Fig.  6.  Frequency  dependence  of  output  power 
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The  output  is  divided  among  four  principal  wavelengths;  2.03pm,  2.65pm,  3.43pm  and  3.65pm.  The  2.03pm  is  the  strongest 
line  and  is  the  only  wavelength  present  in  the  initial  ‘pre-discharge’  spike.  The  other  lines  appear  primarily  in  the  afterglow. 
When  the  total  laser  output  power  is  250mW,  the  ratio  2.03:2.65:3.43:3.65  is  typically  12:3:5:5.  The  exact  ratio  is  dependent 
on  both  the  operating  conditions  and  also  on  the  laser  cavity.  The  lower  curves  in  figure  6  show  the  fi-equency  dependence  of 
the  two  longer  wavelengths.  The  output  power  at  3.43pm  closely  follows  the  total  whereas  the  output  power  at  3.65pm 
continues  to  increase  even  at  24kHz.  There  is  also  some  evidence  of  competition  for  gain  between  the  two  wavelengths.  When 
different  laser  mirrors  are  used  the  relative  intensities  of  the  two  wavelengths  change  although  the  total  power  in  the  two  lines 
remains  roughly  constant.  The  two  transitions  operate  from  different  energy  levels  and  hence  there  must  be  some  coupling 
between  them.  This  has  important  consequences  for  single  line  operation. 

Some  initial  work  has  also  been  carried  out  using  a  grating  in  place  of  the  high-reflectivity  mirror.  This  has  resulted  in  the 
production  of  several  additional  laser  lines,  notably  a  transition  at  3.16pm  which,  to  the  author’s  knowledge,  has  not  been 
previously  reported  as  a  laser  line.  Other  wavelengths  which  have  been  obtained  include  3.05pm,  3.51pm,  3.89pm  and 
3.99pm.  Some  of  these  require  somewhat  different  operating  conditions  and  the  characterisation  and  optimisation  of  these 
transitions  has  not  yet  been  completed. 


5.  SUMMARY 

A  xenon  laser  capable  of  operating  at  pulse  repetition  rates  in  the  multi-kilohertz  range  has  been  described.  The  average 
output  power  of  the  laser  is  250mW  at  6kHz.  The  primary  excitation  mechanism  is  via  recombination  pumping  in  the 
afterglow  of  the  discharge  pulse.  The  sensitivity  of  the  laser  to  weak  currents  in  the  afterglow  has  been  demonstrated  and  an 
excitation  scheme  has  been  devised  to  remove  any  such  currents.  Four  primaiy  wavelengths  have  been  observed  using  a 
standard  untuned  laser  cavity.  Additional  wavelengths  can  be  obtained  from  a  grating-tuned  cavity.  The  occurrence  of  laser 
output  at  3.16pm  from  the  7p[5/2]2  -  7s[3/2]2  transition  in  neutral  xenon  is  reported  for  the  first  time. 


©  British  Crown  Copyright  1996/DERA 
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ABSTRACT 

A  coaxial  COj  waveguide  laser  with  rf  excitation  at  96.5  MHz  and  an  output  power  exceeding  1.3  kW  is  described.  This 
laser  uses  a  new  concept  of  electrode  segmentation  for  discharge  homogenization  in  addition  to  a  new  kind  of  optical 
resonator  for  the  coaxial  geometry  called  the  toothed  mirror  resonator. 

Keywords:  CO2  laser,  diffusion  cooled,  slab  laser,  planar  waveguide  laser  ,  coaxial  waveguide  laser  ,  rf  excitation, 
discharge  homogenization,  electrode  segmentation,  annular  resonator. 


1.  INTRODUCTION 

Difftision  cooled  large  area  COj  waveguide  lasers  offer  some  striking  advantages  in  comparison  to  fast  flow  systems  for  the 
design  of  high  power  industrial  lasers.  Expensive  blowers  and  gas  handling  systems  are  no  longer  needed  and  the  lasers  have 
a  strong  potential  for  sealed  off  operation  to  minimize  gas  consumption.  With  planar  laser  systems  and  stable-unstable 
waveguide  hybrid  resonator  area  specific  output  powers  of  more  than  2  W/cm^  with  excellent  beam  quality  at  a  total  output 
power  exceeding  1  kW  could  be  achieved'’^’^  ''.  The  concept  is  well  suited  for  the  design  of  very  compact  and  low  cost  laser 
systems  of  high  performance  with  laser  powers  of  several  kilowatts.  In  former  times  a  planar  laser  system  with  an  active 
area  of  10  x  60  cm^  and  an  electrode  gap  of  1.5  mm  was  investigated  at  the  DLR.  With  rf  excitation  at  96.5  MHz  an  output 
power  of  1350  W  at  an  efficiecy  of  12  %  could  be  coupled  out  with  gold  plated  copper  electrodes.  With  a  beam  shaping 
telescope  a  beam  quality  of  M^=1.2  was  achieved.  This  laser  system  was  transferred  to  industry  and  a  commercial  laser 
system  with  a  laser  power  of  2.5  kW  is  available  now  (Fig.l).  For  laser  output  powers  exceeding  5  kW  the  coaxial  CO2 
waveguide  laser  is  a  promising  candidate  because  it  offers  enhanced  mechanical  and  optical  stabilitiy  for  the  large  electrode 
surfaces  needed.  Investigations  concerning  a  1.3  kW  coaxial  laser  system  are  reported.  The  coaxial  geometry  as  well  from 
the  electrical  as  from  the  optical  point  of  view  is  more  sophisticated  than  the  planar  geometry.  A  new  concept  of  electrode 
segmentation  to  achieve  homogeneous  coaxial  waveguide  discharges  at  100  MHz  is  presented.  The  coaxial  waveguide 
resonator  still  represents  an  um-esolved  problem.  A  new  kind  of  optical  resonator,  the  toothed  mirror  resonator,  makes  the 
laser  acting  like  an  aimular  phased  array. 


2.  LARGE  AREA  COAXIAL  RF  WAVEGUIDE  DISCHARGE 

The  main  problem  of  large  area  small  gap  rf  laser  discharges  operated  at  about  100  MHz  in  order  to  minimize  tlie  tliickness 
of  the  boundary  layers  which  do  not  contribute  to  laser  excitation  is  dicharge  homgeneity.  Spatial  modulations  of  the 
electrical  field  strength  and  hence  of  laser  excitation  are  induced  without  special  precautions  because  the  electrode 
dimensions  are  of  the  same  order  of  magnitude  as  the  wavelength  of  the  rf  field.  Standard  compensation  methods  like 
shunting  the  discharge  gap  by  inductances  along  the  electrodes  as  in  the  case  of  the  planar  waveguide  laser  are  not  applicable 
in  coaxial  systems  without  interferring  with  the  optical  radiation  field.  From  the  electrical  point  of  view  the  coaxial 
waveguide  with  metallic  walls  and  discharge  represents  a  dissipative  open  ended  rf  transmission  line.  The  effect  of  voltage 
modulation  on  laser  excitation  is  neglectible  (<  10%)  if  the  length  of  the  tranmission  line  is  in  the  order  of  31/ 10  of  the  rf 
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field.  A  new  concept  of  electrode  segmentation  called  the  concept  of  "virtual"  electrode  for  homogeneous  excitation  in 
elongated  coaxial  devices  is  shown  in  Fig2.  One  of  the  electrodes  -  in  this  case  the  outer  electrode  -  is  devided  into 
segments  of  length  A,/ 10.  Adjacent  segments  are  connected  symmetrically  to  the  rf  .  The  inner  electrode  acts  as  a  "virtual" 
electrode  and  connects  two  neighbouring  discharges  in  series  each  of  them  being  quite  homogeneous.  The  optical  radiation 
field  is  not  disturbed  by  electrical  connections.  The  voltage  between  the  outer  electrode  segments  is  twice  as  high  as  the 
voltage  between  each  segment  and  the  inner  electrode.  To  keep  waveguide  losses  small  arising  from  the  sementation  and 
to  prevent  parastitic  discharges  the  gap  between  the  segments  has  to  be  very  small  following  the  Paschen  law  or  bridged  by 
ceramic  material. 


3.  OPTICAL  RESONATORS  FOR  COAXIAL  WAVEGUIDE  LASERS 

Coaxial  laser  systems  require  specially  adapted  optical  resonators  for  good  beam  quality  because  case  I  waveguide  Fabry 
Perot  resonators  operate  in  high  azimuthal  mode  order,  the  width  of  the  wavegmde  gap  forcing  fundamental  mode  in  radial 
direction^  Resonators  with  internal  axicon  are  difficult  to  realize  especially  with  waveguide  lasers  because  of  the  coupling 
losses  between  the  mirrors  and  the  waveguide.  Two  promissing  resonator  concepts  are  the  helical  mirror  resonator’  and  the 
toothed  mirror  resonator  (Fig. 3)  working  with  all  metal  resonator  optics  as  needed  for  the  large  diameters  of  high  power 
lasers.  To  achieve  good  beam  quality  both  resonators  need  an  additional  beam  shaping  optic. 

The  helical  mirror  resonator  with  quadratic  or  linear  mirror  slope  in  principle  is  identical  with  the  stable-unstable  waveguide 
hybrid  resonator  well  known  from  the  planar  waveguide  laser  but  in  circular  geometry.  Because  of  the  large  circumference 
of  the  annular  waveguide  aperture  this  kind  of  resonator  has  a  very  large  outcoupling  aperture  and  does  not  seem  well  suited 
for  high  power  systems.  Moreover  the  resonator  mirrors  are  very  hard  to  rnanufacmre. 

The  toothed  mirror  resonator  is  a  kind  of  array  of  many  coupled  individual  resonators.  Both  resonator  mirrors  are  plane. 
At  the  outcoupling  mirror  outcoupling  holes  alternate  with  fully  reflecting  mirror  segments  which  provide  diffraction 
coupling  between  the  individual  resonators.  Parameters  of  this  kind  of  resonator  are  the  number  of  periods  of  mirror 
segments  and  the  ratio  of  width  of  the  reflecting  segments  to  that  of  the  outcoupling  apertures. 


4.  PERFORMANCE  OF  THE  COAXIAL  WAVEGUIDE  LASER  SYSTEM 

The  concept  of  the  coaxial  waveguide  laser  system  was  realised  with  a  53  cm  long  waveguide  device  having  an  annular 
discharge  diameter  of  57  x  1.5  mm.  The  experimental  setup  of  this  laser  is  schematically  shown  in  Fig. 4.  The  laser  was 
operated  with  unsegmented  and  segmented  outer  electrode.  To  study  laser  performance  and  to  compare  it  to  that  of  the 
planar  COj  waveguide  laser  investigations  first  were  carried  out  with  a  case  I  Fabry  Perot  resonator.  Results  of  the 
experiment  are  summarized  in  Tab.l.  With  unsegmented  outer  electrode  and  single  ended  rf  input  maximum  laser  power 
achieved  was  600  W  at  an  efficiency  of  6.7  %.  This  laser  power  could  be  more  than  doubled  by  deviding  the  outer 
electrode  into  two  parts  of  26.5  cm  length  and  connecting  them  symmetrically  to  the  rf  following  the  principle  of  "virtual" 
electrode.  Maximum  laser  power  coupled  out  was  1340  W  and  maximum  efficiency  10.4  %.  With  an  maximum  area 
specific  laser  power  of  1.34  W/cm’  the  laser  did  not  reach  the  typical  2  W/cm’  of  planar  systems.  Saturation  of  laser  power 
occurs  already  at  a  pressure  of  115  mbar  and  an  area  specific  electrical  power  density  of  about  15  W/cm’.  Computation  of 
discharge  homogeneity  following  transmission  line  theory  shows  that  electrode  segments  with  a  length  of  26.5  cm  are  still 
too  long.  Under  the  influence  of  laser  plasma  the  wavelength  of  the  rf  field  shortens  from  3  m  free  space  to  about  1.5  m  on 
the  electrode  strucmre.  Increasing  the  number  of  electrode  segments  from  two  to  four  the  coaxial  waveguide  laser  system 
is  expected  to  show  same  performance  as  planar  systems. 

Concerning  the  toothed  mirror  resonator  experiments  with  30  and  60  element  mirrors  were  carried  out  until  now.  Fig.5 
shows  an  outcoupling  mirror  made  from  antireflection  and  gold  coated  ZnSe  and  a  spark  eroded  and  diamond  turned 
copper  mirror.  The  30  element  mirrors  did  not  show  phase  coupling  around  the  circumference  of  the  waveguide  aperture. 
Typical  near  and  far  field  bum  patterns  of  a  60  element  mirror  resonator  are  shown  in  Fig.  6.  The  near  field  shows  a  zero 
of  intensity  in  the  middle  of  each  outcoupling  hole,  the  far  field  a  symmetrical  ring  pattern  with  a  pronounced  intensity  zero 
at  the  centre  as  expected  for  the  case  of  phase  coupling  around  the  annular  aperture  of  the  resonator.  Comparing  the  far  field 
angles  of  the  bum  pattern  with  those  computed  for  a  symmetric  and  antisymmetric  annular  phased  array  following  Fresnel 
Kirchhoff  diffraction  theory  (Fig.  7)  shows  that  the  laser  acts  as  an  antisynunetric  phased  array  consistent  with  theory  of 
the  toothed  mirror  resonator*.  Maximum  laser  output  power  until  now  is  780  W  and  maximum  efficiency  6.4  %.  These  data 
are  only  60  %  of  those  achieved  with  case  1  Fabry  Perot  resonator  (Tab.l).  The  reason  for  this  is  the  insufficient  utilisation 
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of  the  gain  medium  in  the  axis  of  the  outcoupling  apertures.  Power  density  of  the  radiation  field  on  these  axes  is  only  440 
W/cm^  in  comparison  to  2.5  kW/cm^  of  saturation  intensity.  An  improvement  is  expected  from  an  increase  of  the  number 
of  mirror  segments. 

5.  CONCLUSIONS 

Diffusion  cooled  coaxial  CO2  waveguide  lasers  are  promising  candidates  for  industrial  laser  systems  with  output  powers  of 
10  kW  and  more.  In  laboratory  a  1.3  kW  laser  with  an  efficiency  of  10.4  %  has  been  demonstrated.  The  proof  of 
operation  of  a  new  concept  of  electrode  segmentation  and  a  new  kind  of  optical  resonator  for  the  annular  waveguide  laser 
geometry  with  all  metal  resonator  optics  has  been  given. 
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Figure  1:  Commercial  2.5  kW  COj  slab  laser^ 
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Figure  2:  Electrode  segmentation  with  "virtual  electrode" 


Figure  3:  Toothed  mirror  resonator 


Figure  5:  ZnSe  and  copper  outcoupling  mirror 
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Figure  4:  Scheme  of  the  experimental  setup 


Parameters  : 

Experimental  condition: 

Results: 

electrode  area: 

06  X  53=1000  cm" 

Dual  case  1  resonator: 

outcoupling: 

T=10% 

discharge  gap: 

1.5  mm 

-  single  ended  rf  input: 

Pl=  600  W 

n=6.7  % 

-  segmented  electrode: 

p^=1340W 

n=8.4  % 

gas  mixture: 

He:N2:C02=3:1:1+5%Xe 

Pl=1200W 

n>io% 

pressure: 

100.. .160  mbar 

-saturation  coaxial  laser: 

P=1  1 5  mbar 

p.,=15W/cm" 

-saturation  planar  laser: 

p=160  mbar 

p„=20W/cm" 

rf  power: 

8...16kW(96.5  MHz) 

Toothed  mirror  resonator: 

60  elements 

TGeo=50% 

-segmented  electrode: 

Pl=  780 W 

0=4.9  % 

P^=  640 W 

0=6.4  % 

Table  1:  Performance  of  the  coaxial  laser  system 


Near  Field  Far  Field  { 33  mred  laj 

Figure  6:  Plexiglas  bum  pattern  of  a  60  element  mirror 


Figure  7:  Far  field  of  a  60  element  annukr  phased  array 
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Abstract 

A  lOOMHz  RF  discharge  excited  slab  CO2  laser  with  the  near  diffraction  limited  output  power  of  1.07kW  and  the 
efficiency  of  12.6%  was  studied.  The  size,  including  the  laser  head  and  the  RF  generator,  is  1/4  of  the  fast  axial  flow  laser. 
The  self-excited  RF  snerator  with  a  cavity  resonator  made  the  laser  simple  and  compact.  To  determine  the  RF  excitation 
frequency,  the  discharge  characteristics  were  studied  at  both  frequencies  of  40MHz  and  lOOMHz. 

Keywords:  CO2  lasers,  slab  lasers,  diffusion  cooled,  self-excited  RF  generator 


1.  Introduction 

A  low  cost,  compact  laser  is  required  for  various  such  as  material  processing  or  construction.  Recently,  a  super  .  .;ab 
CO2  laser  has  been  paid  attention  as  one  candidate.’"'*  Since  the  slab  CO2  laser  is  excited  by  RF  discharge,  it  is  important 
to  understand  the  discharge  physics.  The  RF  generator  strongly  depends  on  their  discharge  characteristics. 

Some  researches  to  establish  scaling  laws  for  the  slab  CO2  lasers  has  been  done'*’^,  especially  by  measuring  the  voltage 
and  current  characteristics  of  alpha  RF  discharge.  We  studied  the  frequency  dependence  of  laser  excitation  characteristics 
by  carrying  out  laser  oscillation  experiments  at  both  frequencies  of  40MHz  and  lOOMHz.  Based  on  the  experimental 
results  and  technical  aspect,  a  self-excited  RF  generator  for  a  IkW  slab  laser  was  fabricated. 

In  this  paper,  we  present  the  experimental  results  at  each  frequency  and  the  characteristics  of  the  laser.  We  also  show  the 
possibility  for  applying  the  slab  CO2  laser  to  the  new  fields. 


2,  Discharge  Physics  and  Technical  Aspects 

A  schematic  diagram  of  the  slab  laser  is  shown  in  Fig.  1.  The  water  cooled  planer  parallel  electrodes  are  made  of 
aluminum  alloy  and  their  dimensions  are  100  X  600mm.  The  laser  gas  is  set  to  a  pressure  of  10.6kPa  and  the  mixing  ratio 
is  He:N2:C02:Xe=34:7:7.4.  The  electrodes  are  connected  each  other  by  several  coils  to  cancel  the  imaginary  part  of  the 
impedance  in  the  longitudinal  direction  by  the  parallel  resonance  method.  Thus,  the  nonuniformity  of  discharge  is  reduced 
to  less  than  10%. 

To  find  the  optimum  laser  excitation,  the  discharge  observation  and  the  laser  oscillation  experiments  were  carried  out 
with  varying  RF  frequencies  and  electrodes  separation.  The  discharge  views  for  each  frequency  /  obtained  using  CCD 
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camera  are  shown  in  Fig.  2.  The  sheath  thickness  ds-{dsi-\-ds:^l2  are  0.16  i 0.02mm  at  lOOMHz  and  0.37  ±0.02  mm  at 
40MHz  which  are  proportional  to  1//.  The  laser  output  power  was  measured  at  RF  frequencies  of  40MHz  and  lOOMHz, 
electrode  separations  is  the  range  from  1.0mm  to  6.5mm.  The  resonator  used  is  a  waveguide-stable  configuration;  it 
consists  of  a  flat  ZnSe  mirror  with  a  reflectance  of  80%  as  an  output  coupler  and  a  copper  mirror  with  a  curvature  of  3.0m 
concave  for  vertical  direction  and  6.25m  concave  for  horizontal  direction.  The  measurement  results  are  shown  in  Fig.  3,  in 
which  the  result  obtained  at  a  frequency  of  125MHz'^  is  also  shown,  A  dotted  line  shows  the  Hd  scaling  law  in  which  the 
specific  output  power  depends  on  only  the  gas  temperature.  The  higher  specific  power  was  obtained  with  a  lOOMHz  RF 
discharge  rather  than  that  of  40MHz.  In  the  case  of  40MHz,  even  if  the  electrodes  separation  reduced  to  less  than  4.0mm, 
the  specific  power  didn't  increase  according  to  the  Hd  scaling  law  but  greatly  deviated  and  decreased.  The  similar 
tendency  was  also  observed  in  the  region  of  the  electrode  separation  less  than  1.5mm  at  a  frequency  of  lOOMHz.  Our 
results  well  agreed  with  the  tendency  at  a  frequency  of  125MHz.  We  considered  that  the  deviation  of  specific  power  from 
yd  scaling  law  with  small  electrode  separations  are  caused  by  ion  loss  in  the  sheath  region  of  alpha  RF  discharge;  the  ion 
loss  increases  as  the  frequency  f  decreases  because  the  sheath  thickness  ds  is  getting  bigger  and  hence  sheath 

voltage  is  getting  higher  as  being  to  proportional  to  1//^,  when  the  current  density  is  constant. 

According  to  the  above  results  and  previous  work^,  optimum  frequency  to  make  the  slab  laser  is  '^lOOMHz  to  300MHz. 
When  we  also  consider  technical  aspect,  ^lOOMHz  is  desirable,  as  the  RF  generator  is  compact  and  cheap. 


3.  The  Slab  Laser 

IkW  slab  CO2  laser  was  studied;  a  self-excited  RF  generator  with  a  vacuum  tube  and  cavity  resonator  was  used  in  order 
to  reduce  the  cost.  The  circuit  diagram  is  shown  in  Fig.  4.  The  RF  generator  is  directly  connected  to  the  matching  circuit 
and  can  feed  a  maximum  power  of  lOkW  to  the  laser  head. 

The  oscillation  circuit  consists  of  the  short  stab  as  inductance  Ic,  the  air  gap  capacitor  as  capacitance  Cc  and  discharge 
load.  As  for  a  self-excited  RF  generator,  especially  in  case  of  discharge  load,  great  care  should  be  paid  to  impedance 
matching  and  the  Q  value.  In  this  laser,  RF  frequency  depends  on  the  discharge  load.  The  matching  circuit  changes  the 
RF  frequency  to  maintain  the  matching  condition.  Moreover,  the  frequency  band  width  of  the  RF  depends  on  the  Q  value 
of  the  circuit.  This  laser  can  operate  at  a  frequency  of  100  ±2  MHz  of  an  appropriate  the  Q  value  of  80,  A  conversion 
power  ratio  (RF/DC)  of  63%  was  achieved  in  this  RF  generator. 

The  laser  resonator  used  is  the  same  as  shown  in  Fig.  1  and  the  gas  mixture  is  He:N2:C02:Xe=34:7:7:4  at  a  pressure  of 
10.6kPa.  The  laser  output  power  of  1.07kW  was  obtained  with  laser  power  to  RF  power  efficiency  of  12.6%.  The  beam 
quality  is  the  near  diffraction  limited  mode  (M^w^2.0  in  the  waveguide  direction  and  unstable  direction). 

The  size  of  this  laser,  including  laser  head  and  RF  generator,  is  1000mm^X700mm^X  700mm”  which  is  1/4  of  that  of  a 
fast  axial  flow  laser.  The  laser  can  be  regarded  as  one  small  component  of  the  machine  system. 

We  are  planing  to  apply  this  laser  to  new  fields,  300W  laser  using  an  all  solid  state  RF  generator  (DC  to  RF  conversion 
ratio  of  75%)  was  successfully  installed  in  a  robot  arm  as  a  mechanical  part. 
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4.  Conclusions 

IkW  slab  CO2  laser  excited  by  lOOMHz  RF  discharge  was  studied,  based  on  the  results  of  studies  on  discharge  physics. 
The  size  of  this  laser  including  laser  head  and  RF  generator  is  reduced  to  1/4  of  that  of  a  fast  axial  flow  laser.  Slab 
geometry  and  a  self-excited  RF  generator  make  this  laser  simple  and  inexpensive.  Output  power  of  1.07kW  was  obtained 
with  an  efficiency  of  12.6%  and  the  near  diffraction  limited  mode  (M'w^2.0,m\/-2.3).  The  laser  would  be  applied  the 
new  fields. 
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Figure  1  Configuration  of  the  slab  laser 
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Figure  2  Photograph  of  the  discharge  emission. 


Figure  3  Specific  power  output  versus  electrode  gap  d. 
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Figure  4  A  configuration  of  the  self-excited  circuit  and  cavity 
resonator  of  the  developed  IkW  slab  CO2  laser. 


95 
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ABSTRACT 

The  suitability  of  a  slab-shaped  DC-excited  discharge  as  active  medium  of  a  compact  high  power  CO2  laser  is 
investigated.  Measurements  of  several  plasma  and  laser  parameters  indicate  the  effectiveness  of  the  adopted  discharge 
stabilization  technique. 

Keywords:  gas  discharge,  CO2  laser,  magnetic  discharge  stabilization,  vibrational  kinetics,  emission  spectroscopy 

1.  INTRODUCTION 

Whereas  in  conventional  CO2  laser  geometries  the  diffiision-cooling  approach  limits  the  output  power  to  about  100  W 
per  meter  of  discharge  length,  slab  lasers  combine  compactness  with  high  power’.  A  further  reduction  of  cost  may  be 
obtained  by  changing  the  transverse  RF  excitation  scheme  for  a  multi-pin  configuration  fed  by  a  DC  power  supply  Since 
at  high  power  loadings  a  DC-excited  discharge  is  subject  to  contraction,  the  plasma  has  to  be  homogenized  in  some  way  to 
make  it  fill  the  major  part  of  the  slab-shaped  chamber.  Macken  obtained  homogeneous  discharge  operation  in  a  slab  by 
imposing  a  transverse  magnetic  field  and  contouring  the  electric  field^.  In  the  laser  reported  here  the  plasma  is 
effectively  stabilized  by  the  combined  action  of  a  Lorentz  drift  and  a  flow-induced  gradient  in  the  plasma  conductivity.  In 
Section  2  the  essential  features  of  the  discharge  stabilization  mechanism  are  explained. 

A  number  of  diagnostics  have  been  implemented  on  the  discharge  module  to  investigate  the  properties  of  the  active 
medium.  Langmuir  probe  measurements  yield  the  reduced  electrical  field  strength.  The  excitation  efficiency  of  the  upper 
laser  level  is  probed  with  an  emission  spectroscopy  technique:  the  population  of  the  vibrational  N2  levels  is  determined  by 
measunng  the  relative  intensities  of  the  vibraUonal  bands  of  the  N2  second  positive  system  (C^7t„  -  B^rtg).  A  CO2  probe 
laser  is  used  to  measure  the  small  signal  gain.  The  various  measurements  are  covered  in  Section  3. 

2.  DISCHARGE  STABILIZATION 

The  discharge  volume  of  the  experimental  slab  laser  module  measures  168x140x10  mm^  A  row  of  eight  individually 
ballasted  pin  electrodes  is  placed  along  either  long  side  of  the  slab.  The  spacing  between  neighbouring  anodes  or  cathodes 
IS  24  mm.  The  adopted  discharge  stabilization  scheme  is  similar  to  that  of  a  “Macken  discharge”  in  the  sense  that  a 
transverse  magnetic  field  is  applied  which  induces  a  Lorentz  force  on  the  charged  particles^  However,  no  “launcher” 
electrode  is  present,  i.e.  the  anode-cathode  distance  is  constant  along  the  slab.  The  magnetic  field  is  generated  by  ferrite 
magnets  mounted  on  magnetic  yokes  enveloping  the  discharge  chamber.  To  limit  the  decomposition  of  the  laser  mixture 
ffieps  IS  flown  through  the  discharge  chamber.  In  the  reported  experiments  the  slow  gas  flow  is,  unless  stated  otherwise 
m  the  opposite  direction  to  the  Lorentz  drift  of  the  charged  particles.  To  allow  for  visual  observation  of  the  discharge  a 
pyrex  plate  closes  the  discharge  chamber  on  one  side.  On  the  other  side  a  water-cooled  enamel-coated  stainless  steel  plate 
provides  for  the  (asymmetric)  diffusive  cooling  of  the  discharge  slab. 

Depending  on  the  strength  of  the  magnetic  field  and  the  gas  pressure,  three  different  discharge  burning  modes  are 
observed.  At  a  pressure  of  a  few  tens  of  Torr  and  zero  magnetic  field  a  single  stationary  filament  with  a  diameter  of  a  few 
millimeter  stretches  from  one  particular  anode  pin  to  the  nearest  cathode.  Under  the  influence  of  a  magnetic  field  this 
filament  IS  bent  in  the  ExB  direction  and  eventually  jumps  to  the  next  electrode  pair,  upon  which  a  new  current  channel  is 
launched  in  the  gap  between  the  first  electrodes.  The  resulUng  discharge  pattern  is  that  of  thin  filaments  being  swept 
through  the  slab  in  the  direction  of  the  magnetic  drift.  The  velocity  of  the  moving  filament  increases  with  incieasing 
magnetic  field  strength  until  the  latter  reaches  a  critical  value  B,  at  which  the  cyclic  motion  of  current  channels  slods  and 
the  entire  slab  volume  appears  to  be  filled  with  a  uniform  glow  discharge.  Only  in  the  homogeneous  glow  regime  which 
IS  established  at  supercritical  magnetic  fields,  the  discharge  can  be  qualified  as  a  laser  active  medium  (see  Section  3) 

As  collisions  with  neutrals  tend  to  randomize  the  Lorentz  drift  motion  of  the  charged  particles  the  critical  magnetic 
field  strength  increases  with  increasing  gas  pressure  (Fig.  1).  Furthermore,  it  is  observed  that  the  gas  flow  is  instrumental 
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Fig.  1.  Critical  magnetic  field  vs  pressure:  no  gas  flow 
(O)  -  gas  flow  in  the  same  (▼)  and  opposite  (A) 
direction  of  the  magnetic  drift. 


Fig.2.  Critical  magnetic  field  vs  input  power  density  for 
two  different  distances  L  between  neighbouring  anodes; 
p  =  25  Ton*. 


yet  not  essential,  in  stabilizing  the  discharge.  At  a  given  gas  pressure  the  critical  magnetic  field  is  lowest  if  the  flow  is 
directed  opposite  to  the  Lorentz  drift.  This  can  be  attributed  to  the  fact  that,  as  the  time  constant  for  CO2  dissociation  is  of 
the  same  order  of  magnitude  as  the  gas  residence  time,  the  plasma-chemical  composition  of  the  gas  may  vary  along  the 
flow  (in  fact,  at  high  electrical  power  loadings  a  gradual  change  of  the  colour  of  the  discharge  is  perceived).  Moreover, 
since  the  self-sustaining  reduced  field  decreases  with  increasing  CO2  dissociation  degree^  the  plasma  conductivity 
increases  in  the  direction  of  the  flow.  It  follows  that  if  the  flow  is  directed  opposite  to  the  Lorentz  drift,  discharges  will 
predominantly  initiate  in  the  downstream  region  which  therefore  plays  the  same  role  as  the  laimcher  electrode  pair  in 
Macken*s  discharge  configuration.  In  general,  the  critical  magnetic  field  will  be  relatively  low  when  the  discharge 
geometry  allows  for  a  reproducible  cyclic  motion  of  filaments  in  the  subcritical  discharge  regime. 

In  crossed  electrical  and  magnetic  fields  the  Lorentz  force  induces  an  ambipolar  drift  of  the  charged  particles  in  the 
ExB  direction.  The  Lorentz  drift  velocity  is  given  by 


BcBiEB 


where  are  the  zero-field  electron  and  ion  mobilities.  At  pressures  of  a  few  tens  of  Torr  and  magnetic  fields  of  the  order 
of  10  mT  the  Lorentz  drift  velocity  lies  in  the  range  5-30  m/s.  Although  these  magnetic  drift  velocities  are  markedly  lower 
than  typical  neutral  gas  velocities  in  fast-flow  lasers,  it  is  believed  that  magnetic  and  convective  stabilization  techniques 
bear  on  the  same  mechanism,  i.e.  the  transport  of  plasma  perturbations  out  of  the  discharge  region  in  a  time  which  is 
shorter  than  the  characteristic  growth  time  for  thermal  instabilities.  In  fact,  the  data  in  Fig.2  suggest  that  the  transition 
to  the  homogeneous  glow  regime  occurs  when  the  transit  time  z}  =  Llvi  (L:  distance  between  neighbouring  anodes)  for  the 
drifting  filament  between  subsequent  electrode  pairs  is  smaller  than  tg  .  This  surmise  is  further  backed  up  by  the 
observation  that  Be  remains  constant  when  the  number  of  subsequent  electrodes  is  reduced,  i.e.  Be  does  not  depend  on  the 
total  length  of  the  discharge  slab  in  the  ExB  direction.  The  (qualitative)  stability  criterion,  T/  <  ,  is  exactly  the  same  as 

in  fast-flowing  discharges  where  t,  stands  for  the  gas  residence  time  in  the  discharge  region.  The  positive  slope  of  the 
curves  in  Fig.2  is  due  to  the  fact  that  the  instability  growth  time  decreases  with  increasing  power  density"^.  Note  that  the 
smaller  length  scale  in  the  case  of  magnetic  stabilization  (the  distance  between  neighbouring  electrodes  rather  than  the 
total  length  of  the  discharge)  compensates  for  the  smaller  transport  velocities  when  compared  to  convective  stabilization. 
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Fig.  3.  Vibrational  temperature  of  the  C^TCu -state  of  N2  vs  Fig.4.  Small  signal  gain:  experimental  (O)  -  three 
input  power  density  at  different  gas  pressures.  temperature  model  calculation  with  pyrex  plate  (fall 

curve)  and  with  cooling  plate  (dashed);  p  =  20  Torr. 

The  resulting  transit  times  being  of  the  same  order,  it  is  possible,  with  regard  to  stability,  to  operate  DC  slab  discharges  at 
the  same  power  loading  levels  as  in  fast-flow  lasers. 

3.  ACTIVE  MEDIUM  PROPERTIES 

As  mentioned  above,  at  supercritical  magnetic  fields  the  aspect  of  the  discharge  is  that  of  a  uniform  glow.  Its  suitability 
as  amplifying  medium  is  to  be  demonstrated  by  a  more  quantitative  assessment  of  the  discharge  properties.  Probe 
measurements  of  the  self-sustaining  reduced  electrical  field  strength  in  a  6:24:70  C02/N2/He  mixture  yield  EIN  values 
from  2.4x10'^®  Vm^  down  to  1.9x10'^®  Vm^  in  the  pressure  range  10-40  Torr.  The  computation  of  the  corresponding 
electron  energy  distribution  fimctions^  shows  that  under  these  conditions  85-90  %  of  the  input  electrical  power  goes  to  the 
excitation  of  the  CO2  asymmetric  stretch  mode  and  the  N2  (v  =  1-8)  vibrational  levels  (the  theoretical  vibrational  excitation 
efficiency  reaches  a  maximum  of  91  %  at  EIN  =  1 .86x  10'^°  Vm^). 

The  vibrational  kinetics  of  the  slab  discharge  are  studied  experimentally  by  means  of  an  emission  spectroscopy 
techmque:  from  the  measurement  of  the  relative  intensities  of  the  vibrational  bands  of  the  nitrogen  second  positive  system 
(C^Ttu  -  B^Ttg)  the  non-equilibrium  vibrational  temperature  T/  of  the  -state  is  derived®.  The  data  in  Fig.3  reveal  the 
decrease  of  the  relative  densities  of  vibrationally  excited  N2  molecules  with  pressure  due  to  the  collisional  relaxation  of  the 
CO2  (00**1)  level.  Assuming  that  the  C^rtu  -levels  are  populated  by  direct  electron  impact,  the  vibrational  temperatures  T/ 
of  the  N2  electronic  ground  state  can  be  calculated  using  Franck-Condon  factors®.  The  latter  are  found  to  be  about  1000  K 
lower  than  the  corresponding  T4  values.  It  follows  that  in  the  homogeneous  glow  regime  7-16  %  of  the  ground  state  N2 
molecules  is  vibrationally  excited  (v  >  1)  and  contribute  to  the  population  of  the  upper  laser  level.  Ground  state  vibrational 
temperatures  in  fast-axial-flow  lasers  are  typically  higher’.  However,  it  should  be  noted  that  the  use  of  an  uncooled  pyrex 
plate  (for  diagnostic  purposes)  limited  the  range  of  accessible  power  loadings.  In  fact,  the  data  at  30  Torr  suggest  a 
thermal  saturation  effect. 

The  small  signal  gain,  as  derived  from  the  amplification  of  a  probe  laser  beam,  is  shown  in  Fig.4.  At  a  pressure  of  20 
Torr  the  recorded  values  range  between  0.45  m  ’  and  0.65  m  '.  The  measured  gain  values  are  in  fair  agreement  with  the 
results  of  a  vibrational  kinetics  calculation  based  on  a  three  temperature  model*  (fall  curve).  The  relatively  steep  decrease 
in  gain  at  higher  power  loadings  should  again  be  attributed  to  the  asymmetrical  cooling  of  the  gas.  The  three  temperature 
model  calculations  indeed  show  that  substantially  higher  values  of  the  gain  are  to  be  expected  if  proper  cooling  is  applied 
(dashed).  In  sum,  the  reported  measurements  indicate  the  effectiveness  of  a  magnetic  stabilization  scheme  in  producing  a 
slab-shaped  active  medium  for  a  DC-excited  CO2  laser. 
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ABSIKACT 

A  high  power,  two-dimensional,  16x4  element  waveguide  array  CO2  laser  is  presented  and  properties  such  as  beam  quality 
and  spatial  power  distribution  are  assessed,  together  with  beam  reformatting  techniques  to  produce  compact  beams. 

1.  INTRODUCTION 

The  square  bore  waveguide,  excited  by  a  transverse  radio  frequency  discharge,  is  recognised  as  having  the  highest  specific 
output  power  per  unit  vo  ume  of  all  the  diffusion  cooled  CO,  lasers  [1],  However,  a  limitation  of  the  square  bore  waveguide 
aser  IS  in  length  scalability.  Devices  longer  than  0.4  m  suffer  from  power  distribution  difficulties  due  to  transmission  line 

e  ects  when  using  RF  excitation.  In  addition,  the  high  optical  flux  in  such  devices  may  damage  or  thermally  deform  the 
resonator  mirrors.  ^ 


A  natural  progression  from  the  square  bore  waveguide  laser  has  been  to  develop  the  slab  geometry  laser  by  increasing  the 
width  of  the  bore  to  enlarge  the  active  gain  region  [2]  whilst  keeping  the  electrode  spacing  small  to  maintain  efficient  gas 
cooling.  The  area  scaled  slab  waveguide  in  combination  with  a  hybrid  waveguide-unstable  resonator  has  allowed  much 
greater  powers  to  be  extracted  from  RF  excited  diffusion  cooled  lasers.  The  slab  laser  is  still  limited  in  length  by  RF 
standing  waves  and  non-uniform  discharge  loading,  which  results  in  a  non-isotropic  gain  media  and  an  associated  loss  in 
eiTiciency.  To  date  the  maximum  power  attained  by  a  single  discharge  in  a  slab  is  in  the  region  of  2.5  kW. 

However,  by  employing  homogeneous  power  deposition  among  multiple  discharge  regions  in  a  parallel  array  [3  -  6], 
diffusion  cooled  lasers  can  be  volume  scaled  to  achieve  powers  far  in  excess  of  those  at  present.  Such  a  technology  will  be  a 
viable  alternative  to  the  fast  flow  laser  currently  employed  by  industry  for  many  material  processing  applications.  In  this 
paper  we  emphasise  the  development  of  a  2  dimensional  array  of  square  bore  waveguide  lasers.  This  will  provide  a  volume 
scaled  laser  structure  incorporating  the  excellent  power  densities  currently  achieved  by  an  individual  square  bore  waveguide, 

2.  TWO  DIMENSIONAL  ARRAYS  OF  SQUARE  BORE  WAVEGUIDE  LASERS 

The  simplest  form  of  array  consists  of  a  set  of  independent  laser  oscillators,  where  the  output  from  each  laser  is  un-correlated 
with  that  of  Its  neighbours,  each  operating  at  a  different  frequency  and/  or  random  phase.  It  is  this  type  oi  incoherent  array 
that  is  presented  in  this  paper. 

■  The  array  concept  as  applied  to  the  CO,  laser  was  first  demonstrated  by  Kozlov  et  al  [3]  who  reported  an  output  power  of  3 
kW  from  a  2-D  array  of  78  longitudinally  DC  excited  discharges  of  circular  cross-section.  More  recently  a  2-D  array  of 
square  bore  waveguide  lasers  with  RF  excitation  was  developed  by  Abramski  et  al.  [4]  It  achieved  750  W  output  using  a  3 
level  structure,  each  .-ontaining  13  waveguide  elements  of  375  mm  in  length.  The  levels  were  connected  electrically  in  series 
and  therefore  requi: .  d  high  striking  and  running  voltages.  The  volume  scalability  of  this  method  was  found  to  be  limited  by 
the  increasing  problem  of  electrical  breakdown  to  the  mirrors  and  the  running  of  unwanted  discharges  outside  the  gain 
regions.  Also  the  increased  thermal  load  reduced  the  specific  laser  output  from  70  W/m  for  a  1  level  structure  containing  13 
elements,  to  5 1  W/m  for  a  3  level  structure. 


3.  MULTI  -  KILOWATT  2-DIMENSIONAL  ARRAY 

To  achieve  higher  powers  a  new  array  structure  has  been  developed  shown  schematically  in  Fig.  1 .  Each  of  the  discharge 
regions  is  electrically  driven  m  parallel  to  avoid  the  high  operating  voltages  and  the  resulting  external  discharge  problems 
associated  senes  operation,  as  noted  above.  Parallel  connection  also  simplifies  the  design  of  coolant  manifolds,  allowing  for 
higher  fluid  flow  rates  and  hence  more  efficient  cooling.  The  2-D  array  incorporates  64  square  bore  waveguides  of  active 
length  590  mm  in  a  4  by  16  matrix,  with  each  waveguide  element  producing  a  high  quality  EH, ,  beam  with  an  value  of 
around  1.15.  Each  channel  has  a  2.25  x  2.25  mm  cross  section.  Micro-channel  type  structures  are  incorporated  within  each 
electrode  to  greatly  enhance  the  heat  transfer  from  the  electrode  surfaces  to  the  cooling  water.  This  should  prevent  some 
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of  the  thermal  derating  that  occurred  with  the  previous  laser  with 
multiple  levels  in  the  structure  [4].  The  plane  resonator  mirrors, 
in  a  dual  Case  I  configuration  shared  by  all  the  channels,  are 
water  cooled  to  reduce  thermal  distortion.  The  entire  system  is 
enclosed  in  a  vacuum  enclosure  of  dimensions  200  mm  by  200 
mm  by  1000  mm.  The  RF  generator  operates  at  125  MHz. 

The  results  for  the  preliminary  tests  on  the  2-D  array  are  shown 
in  Figs.  2  and  3  for  the  operation  of  just  two  levels  (32  active 
elements).  Fig.  2  shows  the  maximum  laser  output  power 
versus  gas  pressure  (gas  mix  3  He:l  N2:l  CO2  +5%  Xe) 
indicating  an  optimum  pressure  of  100  ton*.  Figure  3  shows  that 
the  maximum  power  attained  at  100  ton*  is  currently  1.07  kW  at 
an  efficiency  of  9%.  This  corresponds  to  a  specific  power  of  55 
W/m  of  waveguide,  considerably  below  the  value  of  70  W/m 
expected  when  derating  by  thermal  loading  and  heat  transfer 
effects  in  the  laser  electrodes  are  avoided. 


■  [  Ij/  ^  However,  the  waveguides  are  590  mm  in  active  length, 

/  R  /  ^  significantly  longer  than  the  375  mm  used  previously  [4]  for 

\^v  which  the  70  W/m  value  was  established.  The  increased 

^  effective  length  of  the  transmission  line  formed  by  the  laser 

Figure  1  Simplified  Schematic  of  Multi-Kilowatt  Array  Structure  requires  greater  measures  to  control  voltage 

uniformity.  Up  to  the  present,  no  systematic  optimisation  of 
the  voltage  uniformity  has  been  made  for  the  two  level  array.  In  the  future  with  the  the  array  set  up  to  run  with  four  levels, 
improved  longitudinal  and  transverse  uniformity  will  be  established,  and  significant  increases  in  power  and  efficiency  are 
expected  from  this  improvement. 
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Fig.  2  Max.  Output  Power  vs  Gas  Pressure 
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Fig.  3  Laser  Output  vs  Input  Power  @  lOOtorr 
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3.  BEAM  PROPAGATION  CHARACTERISTICS 
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Fig.4  Far-field 


Fig.  5  Near-Field  at  Re-Image 
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e  output  from  the  2  x  16  array  was  focused  using  a  nominally  Im  radius  mirror,  and  bum  patterns  using  perspex  were 
made  at  points  of  key  interest.  The  far-field  pattern  shown  in  Fig.  4  occurs  at  a  distance  540  mm  from  the  mirror  where  all 
the  beams  cross,  and  it  is  a  single  spot  with  no  side  lobes  or  irregular  structure.  Figure  5  shows  the  near-tleld  in  the  form  of 
a  re-image  at  a  distance  1040  mm  from  the  focusing  mirror. 

Fig.  6  shows  a  flat  top  hat  profile  which  occurs  between  the  far  field  and  the  re-image  at  a  distance  of  730  mm.  This  beam 
shape  with  its  sharp  cut-offs  and  uniform  power  profile  is  due  to  the  lack  of  coherence  effects,  as  each  waveguide  laser  is 
operating  independently.  There  are  many  materials  processing  applications  where  such  a  high  power  density,  highly 
homogeneous  beam  is  desirable.  Conventional  coherent  laser  sources  usually  require  some  form  of  beam  homogeniser  or 
scanning  system  to  remove  the  unwanted  structure  present  in  the  beam  to  produce  a  similar  spatial  power  distribution. 

4.  BEAM  REFORMATTING 

The  ability  to  reformat  or  manipulate  the  spatial  distribution  of  power  within  the  composite  array  beam  is  possible  because 
each  of  the  waveguides  is  an  independent  laser  source  of  high  beam  quality.  With  the  present  packing  density,  the  beams  do 
not  begin  to  ovelap  until  ~  0.3  m  from  the  output  mirror,  allowing  optical  C(  iponents  to  be  placed  close  to  the  laser  to 
redirect  individual  beams.  Beam  reformatting  will  allow  several  different  tasks  lo  be  performed  on  the  laser  outputs,  such  as 
increasing  the  packing  density  of  the  array  beam  by  reducing  the  ’’dead  space"  between  each  of  the  beams,  or  repositioning 
beams  to  form  novel  2-D  shapes.  An  example  of  the  latter  will  be  a  close  packed  hexagon  formed  by  transforming  the  beams 
from  a  rectangular  array.  This  type  of  composite  beam  will  produce  a  uniform  top  hat  beam  with  an  approximately  circular 
boundary  at  the  appropriate  distance  from  a  lens. 

The  ability  to  close  pack  the  array  beams  outside  the  laser  allows  greater  freedom  when  designing  the  2-D  array.  The  fill 
factor  across  each  level  is  80%  in  the  present  design,  but  between  levels  it  is  much  less  due  to  the  necessary  electrode 
thickness  required  to  allow  water  cooling.  Consequently,  the  “raw”  beam  quality  factor  is  very  low  in  the  stacking  direction 
[4],  but  this  is  no  longer  a  serious  concern  if  the  array  packing  density  can  be  modified  outside  the  laser. 

For  initial  demonstration  of  two  reformatting  techniques,  a  linear  7  element  array  has  been  used  as  the  laser  source. 

a)  Two  mirror  beam  shaping 

The  first  method  uses  two  rectangular  mirrors  set 
parallel  to  each  other,  but  with  both  a  verical  and 
horizontal  offset.  The  two  mirrors  are  then  tilted  as  a 
pair  to  specific  angles  in  the  x  and  y  plane  relative  to  the 
array  beam.  The  mirror  pair  is  then  positioned  as  in  Fig. 

7  to  allow  the  first  3  beams  of  the  array  directly  through, 
whilst  the  next  3  beams  are  doubly  reflected  and  emerge 
alongside  the  first  three.  The  seventh  beam  makes  two 
passes  through  the  mirror  pair  and  thus  is  shifted  by 
twice  the  amount  in  the  x  and  y  planes.  This  method  was 
first  demonstrated  by  Clarkson  et  aL[l]  for  a  linear  laser 
diode  array  as  a  method  of  decreasing  the  of  one 
plane  by  increasing  it  in  the  other.  The  method  is  much 
easier  to  implement  with  the  CO2  array,  due  to  the  good 
beam  quality  and  hence  large  Rayleigh  range  within 
which  to  carry  out  the  reformatting. 

Fig.  8  shows  the  results  of  the  reformatting  and  the  trade 
of  M\  for  M^y.  The  reduction  in  peak  intensities  of  the 
reformatted  beam  is  not  due  to  mirror  losses,  but  is  a 
result  of  beam  divergence  due  to  the  increased 
propagation  paths  of  the  shifted  beams.  In  the  future,  the 
mirror  separation  should  be  decreased  and  the  angles  of 
incidence  of  the  mirror  pair  increased,  to  minimise  the 
path  length  differences  between  the  different  beams 
exiting  the  reformatting  optics. 


Fig.  7  Two  mrror  beam  reformatter 

Input  Beam  Reformatted  Beam 


Fig.  8  Reformatted  7  element  beam 
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b)  Diffractive  optic  beam  reformatting 

The  technique  is  shown  in  Fig.  9,  and  uses  a  matched  pair  of  diffractive  optic  elements  (DOEs)  fabricated  using  standard 
VLSI  methods.  In  an  initial  demonstration,  the  linear  array  is  converted  into  a  non-close  packed  hexagonal  structure.  The 
first  array  of  DOEs  redirects  the  individual  beams  to  form  the  new  pattern  at  a  desired  plane,  where  the  second  DOE  is 
placed  to  restore  the  beams  to  parallelism.  The  initial  DOEs  are  gold  coated  fused  silica  substrates  and  use  a  four  level  binary 
amplitude  surface  relief.  The  resulting  spatial  distribution  at  the  second  DOE  position  is  shown  in  Fig.  10,  and  it  can  be  seen 
that  some  of  the  power  is  not  being  fully  redirected  due  to  the  limited  diffraction  efficiency  of  the  four  level  structure.  The 
present  experiment  demonstrates  some  of  the  design  and  optical  alignment  issues  of  the  technique.  Future  improvements  will 
use  16  level  DOEs  with  a  theoretical  efficiency  of  98%  with  silicon  substrates  for  better  power  handling,  and  will  aim  for 
higher  packing  density. 


Fig. 9  Coupled  pair  of  DOE  arrays 


Fig.  10  Spatial  distribution  of  power  in 
reformatted  beam 


5.  CONCLUSION 

A  new  constructional  architecture  for  densely  packed  CO2  waveguide  arrays  has  been  introduced  to  allow  volume  scaling  of 
the  total  power  output  of  sealed-off,  diffusion  cooled  lasers  into  the  multi-kilowatt  regime.  Such  lasers  will  be  of  value  where 
there  is  a  requirement  for  custom  shaped  beam  profiles  on  a  workpiece,  such  as  surface  treatment,  cladding,  etc.  The  beam 
reformatting  techniques  discussed  here  give  a  high  level  of  flexibility  in  the  arrangement  of  the  multiple  beams,  for  example 
by  increasing  the  packing  density  of  the  beams  to  improve  the  average  beam  brightness,  converting  linear  and  rectangular 
arrays  to  a  circular  cross  section,  or  generating  process  specific  beam  shapes. 
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ABSTRACT 

A  marked  improvement  is  observed  in  the  performance  of  pulsed  microwave  excited 
slab  CO2  laser  when  the  gas  is  permitted  to  expand  following  a  discharge  pulse.  The  gas 
pressure  changes  following  each  discharge  pulse  indicate  a  heating  followed  by 
expansion  and  contraction  stages,  a  sequence  of  over  ten  reciprocating  cycles  is  observed 
after  each  pulse. 

Two  modes  of  operation  (Open  vs.  Closed)  were  investigated.  The  gas  motion  in  and 
out  of  the  discharge  space  in  the  open  structure,  leads  to  a  faster  overall  cooling  than  for 
fully  confined  gas. 

Pressure  changes  driving  the  reciprocating  motion  of  the  activated  gas  are  monitored. 

Maximum  average  output  power  of  20 W  with  10%  efficiency  and  about  IKW  peak 
power  were  obtained  from  the  open  structure  at  gas  pressure  of  210mmHg.  The  absence 
of  the  expansion  cooling  mechanism  in  the  closed  structure  caused  about  40%  reduction 
in  the  output  power  and  efficiency. 

The  results  of  the  present  research  suggest  a  new  architecture  for  pulsed  lasers  that 
provides  a  gas  cooling  markedly  faster  than  the  conductive  cooling  of  a  stagnant  gas  in 
the  same  geometry. 

Keywords:  CO2  laser,  convective  cooling,  slab  laser,  microwave  excitation,  elevated 
pressure,  pulsed  operation 

1.  INTRODUCTION 

In  this  paper  we  present  a  new  method  for  cooling  the  activated  gas  of  a  pulsed  slab 
CO2  laser  operating  at  elevated  pressure. 

Following  the  discharge  pulse,  the  gas  is  free  to  expand  out  of  the  discharge  space  and 
subsequently  contract  back,  mixed  with  cold  gas  swept  from  the  outside. 

The  effect  of  this  cooling  was  discovered  in  a  pulsed  microwave  excited  laser,  where 
the  discharge  volume  is  limited  to  a  small  fraction  of  the  cavity  space. 

The  original  design  is  based  on  the  strip-line  (slab)  concept ‘’2,3.  in  This  configuration  a 
narrow  gas  layer  permits  a  high  conductive  heat  flux  to  the  confining  metal  walls.  The 
results  of  the  present  research  indicate  that,  for  pulsed  operation,  the  enhanced  convective 
heat  flow  can  practically  replace  conduction  as  a  prime  channel  for  heat  disposal. 

At  the  beginning  of  the  90's  Nishimae  et  aH  and  Marz  et  af  extended  the  stripline 
technique  to  microwave  excited  CO2  lasers.  The  reduced  stability  of  the  microwave 
excited  plasma  was  countered  by  the  introduction  of  a  dielectric  ballast  strip  in  series  with 
the  plasma  column.  This,  combined  with  a  high  repetition  rate  microwave  pulses 
(10KHz-40KHz),  enabled  a  quasi-CW  laser  operation  at  low  pressures. 

The  original  motivation  of  the  present  research  was  to  extend  the  application  of  cooling 
across  a  thin  gas  layer,  to  a  pulse  mode  operation  at  elevated  pressures  without  gas  flow. 
A  rapid  heat  disposal  across  a  thin  gas  sheath  yields  considerable  peak  and  average  laser 
powers. 
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Evidence  for  the  contribution  of  an  additional  cooling  channel  due  to  motion  of  the  gas 
driven  by  the  discharge  pulse,  was  noted  when  gas  from  the  active  region  was  permitted 
to  expand  out  of  the  discharge  space  and  return  to  its  original  position  after  cooling. 
Improved  performance  of  the  laser  in  an  open  structure  is  observed. 


2.  EXPERIMENTAL  SET-UP 

Figure  1(a)  illustrates  the  system  design.  Four  Hitachi  2M130  oven  magnetrons  feed 
separately  the  laser  head  through  an  impedance  matching  network  consisting  of  a 
directional  coupler,  matching  screws  and  a  quarter  wave  transformer.  The  laser  head  is 
used  both  as  a  microwave  resonator  and  a  laser  cavity.  The  cross  section  of  the  laser  head 
is  shown  in  fig.  1(b).  Microwave  radiation  is  introduced,  through  a  Quartz  coupling 
window,  into  the  laser  head,  constructed  from  a  double  ridge  waveguide  with  3.5mm 
Quartz  slab  attached  to  the  lower  ridge,  the  guided  wavelength  (A.g=l  7.3cm  )  of  the  ridge 
waveguide  and  its  length  (34.5cm)  support  a  TE[04  resonance  mode  only. 


Fig.  1 :  (a)  Experimental  set  up.  (b)  Cross  section  of  the  laser  head 


The  discharge  strikes  only  in  the  ridge  section  where  the  microwave  electric  field  is 
largest.  The  plasma  height  is  1.2mm  long.  Standard  laser  gas  mixture  (C02:N2:Hes  1:1:8) 
at  a  pressure  of  210mmHg  occupies  the  entire  resonator  space. 

The  laser  resonator  is  a  spherical  total  reflector  with  5m  radius  of  curvature  and  a  90% 
reflection  plane  output  coupler,  posted  at  both  ends  of  the  laser  head.  It  generates  a 
Hybrid  laser  mode  with  a  waveguide  properties  in  the  y  axis  and  Hermit-Gauss  mode  in 
the  X  axis. 

Metal  blinds  can  be  posted  on  both  sides  of  the  ridge  slab.  Confining  the  gas  and 
preventing  its  expansion. 

Each  of  the  four  2M130  magnetrons  can  deliver  lOKW  microwave  power  in  lOpsec 
long  pulses  and  2KHz  repetition  rate.  Overall  peak  microwave  power  introduced  into  the 
plasma  can  reach  30KW. 

Average  power  dissipation  in  the  plasma  was  measured  calorimetrically  by  two 
thermometers  posted  at  the  cooling  water  inlet  and  outlet,  water  flow  capacity  was  4.3^ . 
Average  laser  power  was  monitored  by  Ophir  Power  Meter.  Pressure  changes  were 
monitored  by  a  Kistler  Piezotron  pressure  transducer  (211B5)  located  at  the  middle  of 
the  discharge  cross  section. 

The  gas  temperature  outside  the  ridge  space  was  monitored  by  a  chromel  alumel 
thermocouple  placed  at  the  center  of  one  side  lobe  of  the  cavity. 


3.  RESULTS 

Each  of  the  four  magnetrons  feed  the  discharge  section  facing  its  coupling  window. 

At  210mmHg  (optimal  for  laser  operation),  The  pulse  duration  is  constrained  by 
stability  considerations  to  lOpsec.  Longer  pulses  result  in  the  appearance  of  filaments 
between  the  upper  ridge  plate  and  the  quartz  slab.  At  gas  pressure  lower  then  180mmHg, 
spurious  discharges  appear  at  the  coupling  windows,  accompanied  bv  a  reduction  in  the 
laser  performance. 

Considering  the  cross  section  of  a  ridge  waveguide  (fig.  1(b)),  Two  modes  of  operation 
were  applied: 

a)  An  open  structure  permitting  the  gas,  heated  by  a  discharge  pulse,  to  expand  out  of 
the  ridge  space  and  return  following  its  cooling. 

b)  A  closed  structure,  confining  the  gas  to  the  ridge  space  by  metal  blinds  electrically 
insulated  from  the  bottom  electrode. 

Average  laser  power  and  efficiency  are  plotted  as  a  function  of  the  pulse  rep  rate  in 
figure  2.  The  microwave  pulse  duration  and  peak  power  are  lOpsec  and  16KWatt, 
respectively.  It  is  to  be  noted  that  the  laser  average  power  and  efficiency  remain  equal  in 
both  structures  up  to  about  600Hz.  The  average  laser  power  (fig.  2(a))  reaches  a 
maximum  at  1.55KHz  in  the  open  and  at  l.OSKHz  in  the  closed  structure,  indicating  a 
lower  cooling  rate  between  discharge  pulses  at  the  closed  structure.  An  average  power 
increase  of  up  to  60%  is  measured  in  the  open  compared  to  the  closed  structure. 


Fig.  2;  laser  Average  power  and  efficiency  dependence  on  pulse  repetition  rate. 
(I)  open  structure.  (II)  closed  structure. 


Maximum  efficiency  of  Over  10%  (fig.  2(b))  was  reached  in  the  open  structure  for 
IKHz  rep  rate  and  declined  at  higher  rates.  In  the  closed  structure,  maximum  efficiency 
of  8%  was  reached  around  500Hz. 

Fig.  3  illustrates  gas  pressure  oscillations  in  the  open  configuration  following  a 
discharge  pulse.  Over  ten  pressure  cycles  follow  each  pulse,  indicating  a  reciprocating  gas 
motion,  in  and  out  of  the  ridge  space,  in  the  open  geometry.  The  frequency  of  these  free 
pressure  oscillations  is  about  ten  times  higher  than  a  characteristic  pulse  rep-rate. 
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Fig.  4  shows  the  temperature  of  the  gas,  outside  the  ridge  space  as  a  function  of  the 
average  power  deposited  in  the  discharge.  For  250W  (optimal  for  laser  operation)  a 
temperature  of  20°  above  ambient  was  recorded. 
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Average  input  power  (Watt) 

Fig.  4:  Gas  temperature  at  the  middle  of  a  ridge  side  lobe,  for  different  input  powers. 

4.  DISCUSSION 

The  foremost  result  of  the  present  investigation  is  the  enhanced  average  laser  power,  at 
the  higher  pulse  repetition  rate,  in  the  open  structure  (Figs  2(a)  and  2(b)).  We  associate 
this  with  the  improved  gas  cooling  due  to  its  motion  in  and  out  of  the  discharge  ridge 
space. 

At  low  rep-rates  the  time  between  consecutive  pulses  is  long  enough  to  permit  the  gas 
temperature,  heated  by  the  discharge,  to  fall  back  to  its  level  before  excitation,  by 
diffusive  cooling  alone.  At  such  pulse  rates  there  is  therefore  no  observable  difference 
between  open  and  closed  geometries  (Fig.  1(a)  and  1(b)). 

For  a  given  discharge  pulse  energy,  the  average  input  power  is  proportional  to  the  pulse 
rate.  For  a  train  of  pulses  in  a  steady  state,  the  gas,  heated  by  a  discharge  pulse,  must  cool 
down  to  its  initial  temperature,  during  the  interval  between  pulses.  As  the  pulse  repetition 
rate  increases,  the  time  between  consecutive  pulses  becomes  shorter  and  the  steady  state 
gas  temperature  at  the  beginning  of  each  pulse  rises  above  the  ambient.  The  energy  of 
each  single  laser  pulse  goes  down.  It  follows  that  as  the  pulse  rate  increases,  the  average 
laser  power  is  affected  by  two  opposing  trends:  A  decline  of  the  single  pulse  energy  due 
to  the  temperature  rise  and  a  power  increase  due  to  the  higher  rep-rates. 

For  an  optimal  laser  average  power,  a  trade-off  must  therefore  be  found  between  these 
opposite  trends.  In  the  present  research  the  results  of  this  trade  off  were  determined 
empirically. 
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Optimal  average  pulse-train  power  improves  with  the  efficiency  of  gas  cooling 
between  pulses.  In  an  ideal  situation,  where  the  gas  can  be  cooled  to  the  temperature  of 
the  cooling  water  for  any  rep-rate  frequency,  the  average  power  could  increase  toward  the 
peak  power  level. 

In  the  practical  situation  of  the  present  research,  optimal  average  laser  power  was 
higher  in  the  open  than  the  closed  geometry,  indicating  a  faster  cooling. 

Extra  cooling  in  an  open  structure  is  due  to  a  combination  of  the  forced  convective 
cooling  and  a  diffusive  cooling  of  the  gas  in  the  ridge  space.  The  effectiveness  of  the 
convective  cooling  improves  upon  lowering  the  ternperamre  of  the  gas  in  the  side  lobes. 
In  our  setup  this  takes  place  by  conduction  to  the  metal  walls  and  thence  to  the  water  in 
the  single  cooling  duct. 

Still  higher  rep-rate  frequencies  and  laser  average  powers  can  be  obtained  in  an  open 
structure  in  a  system  designed  for  a  better  cooling  of  the  gas  outside  the  ridge  space.  We 
predict  progressively  higher  laser  average  powers  with  improvement  of  gas  cooling  in  the 
cavity  side  lobes  (fig.  1(b)). 


5.  SUMMARY 

Self  activated  forced  cooling  provides  an  additional  channel  for  cooling  a  laser  gas 
mixture  in  pulsed  mode  operation.  The  "burden"  of  cooling  is  shared  between  conduction 
to  the  confining  walls  in  the  ridge  space  and  forced  convection  to  the  cavity  side  lobes.  It 
is  as  if  we  effectively  increase  the  gas  contact  area  with  the  water  cooled  walls  and  the 
entire  cavity  becomes  part  of  a  heat  converter.  Since  the  excitation  by  microwaves  is  not 
unique,  the  same  cooling  "philosophy"  could  be  applied  also  for  RF  excitation  or  for  a 
repetitive  discharge  of  a  capacitor. 

For  a  system  designed  well  for  utilizing  this  self  activated  forced  cooling  the 
advantage  of  cooling  in  a  thin  sheath  strip-line  gas  layer  becomes  less  important. 

At  high  rep-rates,  a  clear  advantage  is  gained  in  an  open  versus  closed  structure, 
provided  by  a  better  cooling  due  to  the  gas  motion. 

The  cooling  mode  described  in  the  present  research  is  a  basis  for  a  new  compact  breed 
of  pulsed  lasers  with  interesting  capabilities  for  material  processing  and  medicine. 
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ABSTRACT 

A  IkW  laser  capable  of  foil  depth  modulation  in  excess  of  200kHz  has  been  developed  to  satisfy  a  significant  need  within  the 
printing  plate  engraving  industry.  The  Howden  Laser  LEI 500-0 A  design  is  based  upon  a  1.5  kW  diffusion  cooled  CO2  laser 
converted  into  an  oscillator-acousto-optic-modulator-amplifier  configuration.  A  novel  method  is  used  to  limit  unwanted  noise 
emissions  fi'om  the  high  gain  amplifier  at  the  ‘zero’  setting. 

The  design  is  being  used  successfully  within  systems  manufactured  by  ZED  Instruments  Ltd  to  engrave  flexographic  printing 
plates  at  several  production  sites  involved  in  packaging  and  label  printing. 

Keywords:  Carbon  dioxide  laser,  fast  modulation,  super-radiance  control,  flexography,  printing. 


1,  INTRODUCTION 

In  a  recent  article,  it  was  suggested  that^ 

‘...  the  challenge . for  laser  gravure  and  flexography  cylinder  etching  is  to  increase  the  modulation 
bandwidth  of  very-high-power  lasers  significantly  above  30kHz.’ 

This  statement  highlights  a  significant  gap  in  laser  technology.  The  problem  is  associated  with  the  use  of  the  pumping 
mechanism  itself  to  control  laser  output.  In  lasers  capable  of  high  power  cw  output,  the  pumping  mechanism  generally  involves 
a  long  time  constant  which  limits  the  ability  of  the  laser  output  to  respond  to  rapid  changes  of  the  input. 

For  high  power  CO2  lasers  modulated  through  their  DC  or  RF  discharges,  this  time  constant  is  of  the  order  of  0.1ms, 
limiting  the  foil-depth  response  to  a  few  kilohertz.  The  bandwidth  can  perhaps  be  stretched  to  lOkHz  by  gas  adjustments, 
usually  at  the  expense  of  power.  Further  modest  gains  can  be  made  in  practice  if  the  process  can  tolerate  movements  away 
from  foil-depth  modulation.  Nevertheless,  for  bandwidths  ‘significantly  above  30kH2’,  a  different  approach  is  required. 

The  need  for  a  wde  bandwidth  laser  source  came  to  the  fore  when  ZED  Instruments  Ltd  sought  to  improve  the  speed  of  its 
weD -established  range  of  laser  engravers.  ZED  were  seeking  a  two-  to  three-fold  increase  in  processing  capability  and  judged 
that  a  specification  of 200kHz  would  open  up  considerable  possibilities  for  fast  processing  at  high  resolution.  Switching  speed, 
so  long  a  limiting  factor  in  the  many  processes  not  requiring  great  engraving  depth,  would  essentially  cease  to  be  a 
consideration.  Howden  Laser  Division  (formerly  Laser  Ecosse  Ltd)  recognized  that  such  a  device  would  fill  a  significant  gap  in 
laser  technology  and  offer  opportunities  in  a  range  of  applications  such  as  perforating,  scribing,  non-metal  and  even  metal 
processing.  Accordingly,  a  development  programme  for  a  200kHz  device  was  agreed  between  ZED  and  Howden  Laser,  with  a 
specification  of  IkW  cw  output  power. 


2.  CHOICE  OF  TECHNOLOGY 

Devices  such  as  electro-optic  modulators  (EOMs)  and  acousto-optic  modulators  (AOMs)  provide  the  means  for  switching 
CO2  laser  beams  quickly.  However,  they  are  typically  limited  to  handUng  a  few  tens  of  watts  of  laser  power.  Although  AOMs 
are  now  being  developed  for  handling  a  few  hundred  watts  of  laser  power,  these  are  expensive,  relatively  untried  devices  made 
from  a  material  (germanium)  susceptible  to  catastrophic  failure.  Taking  into  account  its  likely  efficiency,  an  AOM  would  need 
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to  handle  over  1.5kW  to  provide  a  modulated  IkW  output.  As  such,  it  was  clear  that  the  direct  approach  did  not  represent  a 
viable  engineering  solution  to  the  problem  of  controlling  a  IkW  output  beam. 

In  order  to  make  use  of  standard  switching  devices,  it  was  decided  to  use  an  oscillator-modulator-amplifier  configuration. 
The  modulator  would  operate  within  its  power  capability  and  its  output  would  be  amplified  to  the  IkW  level.  While  the  EOM 
route  offered  some  theoretical  advantages,  experience  suggested  that  these  devices  involved  problems  in  performance 
repeatability  and  in  sourcing.  On  the  other  hand,  AOMs  were  a  relatively  standard  technology  offering  repeatable  performance 
and  fairly  wide  availability.  It  was  therefore  decided  to  adopt  an  oscillator-AOM-amplifier  configuration. 

Previous  work  on  an  oscillator-amplifier  design  had  indicated  that  a  slow  flow  device  could  provide  good  amplification  of 
low  power  beams  as  a  result  of  its  necessarily  long  gain  length.  A  fast  axial  flow  device,  on  the  other  hand,  usuaMv  has 
relatively  little  gain  length  since  its  strength  lies  in  its  high  saturation  intensity.  As  a  rough  guide,  therefore,  a  fast  a:,  flow 
amplifier  is  efficient  at  amplifying  high  power  beams  (say  IkW  and  above)  while  a  slow  flow  amplifier  is  more  ei;  .  at 
lower  powei  levels.  The  need  to  amplify  a  beam  fi-om  tens  of  watts  up  to  IkW  therefore  pointed  to  a  slow  flow  d  :ii:.r,  of 
amplifier  as  being  the  most  efficient  choice. 


3.  DESIGN  OF  THE  DEVICE 

The  Howt’en  MF1500  laser  is  a  slow  flow  device  producing  in  excess  of  1.5kW  of  CO2  laser  power.  It  consists  of  12  ‘legs’ 
of  discharges  ui  V-fold  configuration  providing  24m  of  gain  length.  It  was  decided  to  use  this  laser  as  the  basis  of  an 
oscillator-amplifier  system,  using  1  leg  for  the  oscillator  and  the  remaining  1 1  legs  for  the  amplifier. 


Figure  1 .  Schematic  of  the  LEI  500-OA  Laser 
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It  is  characteristic  of  AOMs  that  they  impose  on  the  beam  a  frequency  shift  equal  to  the  RF  drive  frequency  (here  40MHz). 
Given  a  free  spectral  range  of  around  50MHz  for  the  oscillator,  and  pressure  broadening  of  around  lOOMHz  in  the  amplifier, 
this  would  have  a  noticeable  effect  upon  the  beam  amplification.  By  using  2  AOMs  driven  from  the  same  RF  source  and 
arranged  for  zero  net  frequency  shift,  this  effect  can  be  removed. 


One  serious  problem  with  a  very  high  gmn  amplifier 
is  its  super-radiant  output  in  the  absence  of  any  input. 
Measurements  indicate  that  the  present  amplifier  is 
capable  of  generating  around  200W  of  super-radiant 
output  from  each  end  of  the  amplifier  ~  a  problem  for 
the  process  at  one  end  and  the  AOMs  at  the  other.  One 
method  of  overcoming  this  is  to  give  the  amplifier 
something  else  to  amplify  when  the  main  input  is  zero 
or  very  low.  In  this  design,  a  second  beam  is  introduced 
into  the  amplifier  with  linear  polarization  orthogonal  to 
that  of  the  main  beam.^  This  second  beam  bleeds  off 
power  from  the  amplifier  when  the  main  input  is  itself 
too  low.  The  ‘main’  and  ‘bleed’  beams  are  separated  at 
each  end  of  the  amplifier  by  Brewster  windows. 

A  schematic  of  the  system  is  shown  in  figure  1.  A 
single  leg  oscillator  generates  a  linearly  polarized  beam 
which  is  attenuated  and  then  directed  into  the  pair  of 
AOMs.  The  AOMs  are  driven  by  RF  power  which 
allows  each  AOM  to  deflect  between  0%  and  over  70% 
of  the  beam  into  the  first  order  in  a  continuously 
variable  fashion.  The  deflected  beam  emerging  from  the 
2  AOMs  is  used  as  the  main  beam  input  which  is 
directed  into  the  1 1  leg  amplifier  to  provide  the  laser 
output.  The  undeflected  beam  emerging  from  the 
2  AOMs  is  used  as  the  bleed  beam  input,  which  is  made 
to  enter  the  amplifier  with  its  polarization  orthogonal  to 
that  of  the  main  beam.  In  order  to  avoid  contamination 
of  the  output  beam  by  bleed  beam  power,  the  bleed 
beam  is  fed  backwards  down  the  amplifier.  For  reasons 
of  convenience  in  the  physical  layout,  the  bleed  beam  is 
only  fed  down  ten  of  the  amplifier  legs. 
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Figure  2.  Calculated  Behaviour  of  the  Main  and  Bleed 
Output  Powers  as  the  AOM  Deflection  Efficiency  is  Varied 


Because  of  the  very  high  small  signal  gmn  of  the  amplifier,  it  was  found  that  a  relatively  small  bleed  beam  input  signal  would 
suffice  to  produce  an  output  considered  large  enough  to  suppress  super-radiance.  Accordingly,  the  bleed  beam  is  introduced 
into  the  amplifier  via  a  3%  transmissive  window.  When  the  main  beam  input  is  low  or  zero,  this  input  generates  a  high  output. 
When  the  main  beam  input  is  high,  the  main  /  bleed  output  ratio  is  roughly  equal  to  the  input  ratio.  The  small  consequent  loss 
to  the  main  output  power  is  minimized  by  the  action  of  the  AOMs  which  reduce  the  bleed  beam  input  as  they  increase  the  main 
beam  input  in  correct  synchronization.  The  result  is  that  the  amplifier  always  generates  at  least  500'-600W  of  laser  power, 
suppressing  any  tendency  towards  super-radiance.  The  amplifier  is  effectively  operated  as  a  ‘flip-flop’  or  ‘see-saw’,  generating 
wanted  power  from  one  end  and/or  unwanted  power  from  the  other.  A  calculated  graph  of  the  powers  is  shown  in  figure  2. 


The  two  beams  are  separated  at  each  end  of  the  amplifier  by  enhanced  Brewster  windows.  At  the  main  beam  input  position, 
the  main  beam  input  reflects  from  the  Brewster  as  s-polarization  while  the  amplified  bleed  beam  is  transmitted  to  a  dump  as 
p-polarization.  At  the  bleed  beam  input  position,  the  bleed  beam  input  reflects  from  the  Brewster  as  s-polarization  while 
around  30W  of  the  amplified  main  beam,  which  is  inevitably  leaked  by  the  3%  transmissive  window,  is  transmitted  to  a  dump 
as  p-polarization. 
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Figure  3.  Power  Output  Traces  from  the  LEI  5 00-0 A  Laser 
Power  measured  on  a  cadmium-mercury-telluride  detector  (vertical  scales  differ) 

Laser  operating  with  50%  duty  cycle  control  input  at  20kHz  (left  trace)  and  200kH2  (right  trace) 


4.  LASER  PERFORMANCE 

Trials  with  a  basic  oscillator-amplifier  configuration  indicate  that  the  device  is  capable  of  generating  in  excess  of  1400W  cw 
compared  with  a  typical  12-leg  oscillator  output  of  1750W.  With  the  AOMs  fitted,  the  oscillator  output  is  attenuated  to 
around  35W  to  protect  the  AOMs,  which  are  specified  for  lOOW  operation.  The  main  beam  input  is  then  less  than  20W  taking 
into  account  the  efficiency  of,  and  losses  in,  the  AOMs.  The  cw  output  of  the  oscillator- AOM-amplifier  configuration  is 
around  llOOW  maximum. 


When  ‘zero'  power  is  selected,  some  power  has  been 
found  to  emerge  from  the  laser  through  backscattering 
of  the  bleed  beam  from  internal  surfaces.  However,  the 
polarization  of  this  unwanted  output  is  that  of  the  bleed 
beam  and  can  therefore  be  attenuated  to  the  desired 
level.  The  LE1500-OA  ‘zero’  output  is  specified  to  be 
below  2W  and  would  typically  be  below  IW.  The  cw 
power  level  can  be  varied  continuously  between  the  zero 
and  maximum  levels  by  varying  the  control  signal  level 
to  the  RF  driver.  Figure  2  includes  typical  values  for  the 
RF  input  power  as  the  AOM  efficiency  and  laser  output 
vary. 

Figure  3  illustrates  the  laser  output  obtained  when  the 
RF  driver  is  fed  with  a  square  wave  (ie  50%  duty  cycle) 
control  input  at  200kHz.  The  trace  represents  the  output 
of  a  cadmium-mercury-telluride  detector  sensing  a 
fraction  of  the  laser  output.  The  switch-on  and  switch- 
off  both  occur  within  1  microsecond,  easily  achieving 
full  depth  modulation  at  the  200kHz  frequency. 
Experience  indicates  that  full  depth  modulation  extends 
to  around  500kHz,  with  significant  modulation  being 


Average  Power  (W) 


Figure  4.  Measured  Power  Enhancement  in  1  ps  Ihilses 
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achievable  above  IMHz.  Also  evident  is  a  slight  shortening  of  the  ‘on’  time,  which  is  caused  by  small  differences  in  the  time 
the  acoustic  signal  reaches  the  beam  in  the  2  AOMs  and  by  the  ‘AND’  nature  of  their  operation. 

Figure  3  also  shows  a  square  wave  trace  at  20kHz  which  emphasizes  the  enhancement  obt^ed  at  the  leading  edge  of  the 
pulse.  Measurements  of  average  power  at  different  pulse  settings  confirm  a  significant  pulse  enhancement  for  low  ‘on’  times. 
Figure  4  illustrates  the  average  power  emitted  by  the  laser  for  different  duty  cycles  Avith  a  constant  ‘on’  time  of  Ips.  From 
these  figures  are  derived  values  for  the  average  power  within  each  pulse.  (Experiments  at  a  constant  frequency  of  20kHz 
produced  an  almost  identical  graph  which  has  therefore  been  omitted  for  clarity.)  At  the  lowest  duty  cycle  of  2%  (Ips  pulse 
every  5 Ops)  the  average  output  power  is  nearly  200W  with  pulses  averaging  nearly  lOkW.  At  10%  duty  cycle,  pulses 
averaging  4.5kW  are  available  at  an  average  power  of  450W.  For  applications  where  pulse  enhancement  is  not  unacceptable  at 
an  ‘on’  transition,  it  has  been  found  that  the  effect  can  be  much  reduced  by  using  a  ramped  rather  than  sharp  control  signal. 
This  technique  has  been  used  successfully  in  the  flexography  application. 


5.  FLEXOGRAPHY  APPLICATION 

Flexographic  printing  is  based  upon  the  principle  of  the  rubber  stamp.  A  polymeric  surface  is  engraved  such  that  the  non¬ 
printing  surface  is  removed  while  the  remaining  raised  surface  becomes  the  printing  surface.  The  polymer  in  question  forms  the 
surface  of  a  metal  roller  typically  200  to  400mm  in  diameter  and  1  to  2m  long.  The  polymer  may  be  in  the  form  of  a  seamless 
sleeve  or  surface  coating,  or  a  plate  wrapped  around  the  surface. 

In  laser  engraving  of  flexographic  rollers,  a  nozzle  focuses  the  beam  onto  the  surface  of  the  polymer.  By  spuming  the  roller 
at  the  same  time  as  tracking  the  nozzle  slowly  along  the  roller  axis,  both  at  constant  speed,  the  nozzle  describes  a  helical  path 
over  the  whole  surface  of  the  polymer.  The  polymer  material  is  removed  directly  by  the  high  power  beam  to  a  depth  depending 
upon  the  power  and  the  rotation  speed.  The  image  is  formed  by  switching  the  laser  off  (printing  surface)  or  on  (non-printing 
surface),  with  an  element  of  ramping  being  imposed  at  each  transition  in  order  to  provide  a  shoulder  or  buttress  to  strengthen 
the  print  surface.  The  controllability  of  the  laser  power  at  this  stage  allows  the  system  to  produce  precise  shoulder  profiles  in  a 
manner  not  available  in  chemical-etching  systems. 

For  a  40jim  axial  movement  of  the  nozzle  per  revolution  (ie  less  than  the  beam  focus  diameter),  a  target  production  speed  of 
Im^/hour  implies  a  surface  rotation  speed  of  around  7m/s.  Assuming  that  a  similar  circumferential  resolution  is  required,  the 
laser  switching  speed  required  is  7m/s  -s-  40iLim  =  175kHz.  Note  that  this  resolution  easily  exceeds  the  200pm  dot  pitch 
encountered  in  a  good,  120  dots  per  inch  half-tone  (grey-scale)  image.  The  LEI 500-0 A  has  achieved  these  speeds  in  a 
production  environment.  Although  higher  speeds  have  been  found  to  be  within  the  laser’s  modulation  capabilities,  the  process 
can  then  become  power  limited. 


6.  FUTURE  WORK 

The  LE1500-OA  laser  has  now  proved  itself  over  nearly  two  years  at  several  production  sites  engaged  in  packaging  and 
label  printing.  Consideration  is  being  given  to  a  higher  power  version  for  increased  depth  and/or  production  speed.  In  addition, 
a  test  programme  is  being  developed  to  assess  the  capabilities  of  the  technology  for  non-printing  applications.  While  the  design 
has  obvious  advantages  for  perforating  applications,  the  significant  power  enhancement  available  may  prove  beneficial  for 
scribing  and  both  metal  and  non-metal  processing^ 
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Pulsed  C02-laser  with  15  kW  average  power  at  100  Hz  rep-rate 
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DLR,  Institut  fiir  Technische  Physik,  Pfaffenwaldring  38-40,  D-70569  Stuttgart,  Germany 

ABSTRACT 

An  electron-beam  controlled,  pulsed  COa-laser  with  an  average  output  power  of  more  than  15  kW  will  be  presented. 
Laser  operation  has  been  achieved  for  pulse  energies  up  to  180  J  at  repetition  rates  of  100  Hz,  pulse  durations  vari¬ 
able  between  3  and  10  ps,  and  bursts  of  1000  shots  with  an  unprecedented  reliability. 

Keywords;  high-average  power  pulsed  COa-laser,  electron  beam  controlled  laser 

1.  INTRODUCTION 

Pulsed  high-pressure  C02-laser  development  has  been  conducted  now  for  over  three  decades,  resulting  in  the  avail¬ 
ability  of  a  laser  system  with  high  output  power  and  high  output  energy  per  pulse  ^  The  application  of  the  pulsed 
high-pressure  concept  to  C02-laser  gases  has  been  performed  by  different  excitation  techniques  during  the  stages  of 
laser  development.  Beginning  with  the  earlier  method  of  discharge  current  limitation  through  arrays  of  pins  and 
resistors,  the  development  continued  toward  the  UV-preionized  discharge  and  the  electron-beam  controlled  dis¬ 
charge.  The  most  successful  method  of  producing  a  plasma  having  the  properties  of  being  uniform,  large  in  volume, 
and  stable,  is  done  by  the  use  of  an  electron-beam  controlled  discharge.  There,  the  electron  beam  is  switched  on  and 
off,  and  controls  the  ionization  of  the  gas.  The  separate  discharge  electric  field  can  be  chosen  for  an  optimized 
pumping  process  and  can  be  delayed  with  respect  to  the  electron  beam.  Recently,  attention  in  C02-laser  development 
has  shifted  toward  a  laser  system  with  a  high  degree  of  reliability  at  higher  repetition  rates  and,  consequently,  at 
higher  average  output  power,  as  well  as  longer  bursts  of  operation.  With  the  advent  of  economical  and  reliable  solid 
state  components  in  the  inverter  circuits  of  the  constant  current  power  supply  system,  a  high  reliability  as  well  as  a 
significant  weight  and  volume  reduction  of  the  overall  pulsed  power  system  has  been  achieved.  This  paper  will  pres¬ 
ent  the  design  and  the  experimental  verification  of  a  repetitively  pulsed  high  power  C02-laser  based  on  the  principles 
of  an  electron  beam  preionized  configuration.  Preionization  refers  here  to  the  presence  of  charged  particles  in  the 
laser  medium  prior  to  the  initiation  of  the  main  discharge.  With  an  average  output  power  of  more  than  15  kW,  a 
variable  pulse  duration  between  3  and  10  ps  at  a  laser  gas  pressure  of  approximately  0.75  atm,  a  pulse  repetition  rate 
of  up  to  100  Hz  and  pulse  trains  of  1000  shots,  the  laser  system  operates  with  an  unprecedented  reliability. 


2.  POWER  CONDITIONING  OF  THE  LASER  SYSTEM 


The  electrical  design  of  the  laser  system  divides  the  pulsed  power  parts  of  the  e-beam  and  the  main  discharge  CO2- 
laser  into  three  major  sub-systems:  the  power  supplies,  the  modulators  (Pulse  Forming  Networks:  PFNs),  and  the 
load.  The  elTiciency  of  the  C02-laser  is  commonly  known  to  be  approximately  10  %.  A  laser  pulse  energy  of  typically 


Figure  1.  Electrical  circuits  of  the  laser  system. 


Figure  2.  Temporal  behavior  of  main  discharge. 


*  present  address:  AMS,  Fraunhoferstr.  22,  82152  Martinsried/Miinchen 
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150  J  and  a  repetition  rate  of  100  Hz  requires  a  minimal  electrical  stored  energy  in  the  PFNs  of  1.5  kj  per  pulse  and  a 
charging  rate  of  150  kj/s.  The  power  supply  of  the  main  dischai^e  is  divided  into  20  parallel  units  (constant  current 
modules,  Maxwell  Laboratories)  each  having  11  kJ/s  at  a  loading  voltage  of  50  kV,  At  a  repetition  rate  of  100  Hz  (10 
ms),  the  interpulse  period  for  the  charging  process  can  take  up  to  8  ms.  The  remaining  2  ms  are  required  for  the 
charge  control  and  the  recovery  of  the  spark  gaps  The  power  supplies  feed  4  modulators  (PFNs)  with  an  impedance 
of  3  n  (10  elements:  L  =  6  pH,  C  =  .04  pF,  10  duration;  L  =  3  pH,  C  =  10  x  .04  pF,  5  ps  duration;  cf.  Fig.  1),  and  a 
stored  energy  of  500  J  per  pulse  and  per  PFN  ^As  an  electrical  switch,  a  self-triggered  air  spark  gap  (Beverly  IH  and 
Associates)  with  a  super-sonic  gas  flow  is  used  for  each  individual  PFN  At  a  loading  voltage  of  45  kV,  a  current  of  6 
kA  (di/dt  =  2  kA/ps),  is  supplied  from  the  PFNs  to  the  CO^-laser  gas  load.  The  temporal  structure  of  a  main  discharge 
pulse  with  a  pulse  duration  of  10  ps  is  shown  in  Fig,  2.  By  the  use  of  a  capacitive  voltage  divider  (cf.  Fig.  1),  an  internal 
synchronization  technique  was  applied  to  the  main  discharge  (see  Section  4).  The  main  dischai^e  is  delayed  with  re¬ 
spect  to  the  penetrated  electrons  from  the  e-beam  accelerator  by  1  to  2  ps,  and  therefore  they  preionize  the  laser  gas 
with  high  energy  electrons  of  200  keV.  During  the  time  of  discharge,  the  impedance  of  the  main  discharge  decreases 
to  3  n.  The  maximum  gas  loading  reaches  150  J/1  atm.  The  average  field  strength  between  the  main  discharge  elec¬ 
trodes  is  2  kV/cm  and  the  current  density  is  3  A/cm^  This  leads  to  an  input  power  density  of  6  kW/cm\  Assuming  a 
drift  velocity  of  3  10^  cm/s,  the  electron  number  density  calculates  to  5  10^^  l/cm\ 


Figure  3.  Temporal  behavior  of  cold -cathode  electron 
beam  accelerator. 
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Figure  4.  Electron  current  density  of  e-beam  accelera¬ 
tor  measured  at  the  4  segmented  main  discharge  elec¬ 
trodes  at  a  laser  gas  pressure  of  Va  atm. 


The  power  supply  system  for  the  e-beam  accelerator  is  divided  into  10  parallel  units,  each  having  10  kJ/s.  These  power 
supply  units  feed  2  PFNs  with  an  impedance  of  2.4  LI  (7  elements:  L  =  3  pH,  C  =  .15  pF,  10  ps  duration)  at  a  stored 
energy  of  IkJ  per  pulse  (cf.  Fig.  1).  The  electrical  switch  of  the  e-beam  is  a  triggered  spark  gap  with  a  super-sonic  air 
flow.  The  voltage  of  max.  30  kV  and  the  current  of  7.5  kA  is  then  transformed  with  a  pulse  transformer  (ratio  1:10, 
Stangeness)  up  to  250  kY  in  the  peak.  Figure  3  shows  the  temporal  behavior  of  the  voltage,  current,  and  impedance  at 
the  secondary  side  of  the  cold-cathode  e-beam  accelerator.  The  temporal  behavior  of  the  impedance  is  determined  by 
the  impedance  of  the  e-beam  PFNs,  the  parallel  resistor  Rp  =  100  Q,  the  series  resistor  Rs  =  0.6  Q  (low  inductance 
resistor),  and  the  e-beam  load  (cf.  Fig.  1).  The  secondary  impedance  rises  in  the  first  2  ps  to  1.5  kQ  due  to  the  cable 
impedance  of  approximately  200  pF  (AA  7583)  between  the  transformer  and  the  e-beam  load;  then  the  impedance  falls 
off  to  nearly  0.3  kQ,  which  is  determined  by  the  series  resistor  Rs,  until  the  closure  time  ends  the  electron  extraction 
from  the  graphite  plasma.  In  Fig.  4,  the  electron  beam  current  density,  measured  with  Rogowski-coils  at  the  4  seg¬ 
mented  main  discharge  electrodes,  is  shown.  The  laser  gas  pressure  was  set  to  0.75  atm.  The  electron  current  density 
of  the  e-beam  accelerator  at  the  main  discharge  electrodes  is  reduced  to  10  mA/cm^  due  to  scattering  effects  of  the 
electrons  at  the  gas  molecules.  The  electron  number  density  at  the  entrance  of  the  laser  chamber  is  calculated  to  5-9 
10^®  1/cm^,  This  initial  electron  number  density  is  in  the  same  order  of  magnitude  as  compared  to  UV-preionized  TEA- 
C02-lasers  There,  preionization  is  an  indispensable  mean  for  self-sustained  discharges  at  high  pressure.  This 
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leads  to  the  conclusion  that  the  parameters  of  the  e-beam  accelerator  are  well  suited  for  the  preionization  of  the  laser 
gas,  as  well  as  for  maintaining  an  entire  stable  discharge  pulse. 

3.  THE  LASER  SYSTEM 

The  complete  15  kW  laser  system  is  shown  in  Fig.  5.  The  laser  beam  is  extracted  on  the  left  hand  side  of  the  picture  by 
a  scraper  of  an  unstable  resonator  (Ri  =  -11.6  m,  R2  =  18  m,  L  =  3.18  m).  The  effective  main  discharge  volume  is  24 
liters  (10x12x200  cm^). 


Figure  5.  Electron-beam  controlled  C02-Iaser  system  (left),  cross-sectional  view  of  laser  (right). 

The  power  supply  units  (100  kj/s  for  the  electron  beam  accelerator,  220  kj/s  for  the  main  discharge)  are  located  on 
the  far  right  side  of  the  system.  The  4  modulators  (PFNs)  of  the  main  dischai^e  cannot  be  seen  in  this  picture  because 
they  are  hidden  by  the  laser  gas  circulating  chamber.  The  front  part  of  the  laser  system  shows  the  electron  beam  ac¬ 
celerator  with  the  vacuum  system  (1  diffusion  pump  in  the  middle  of  the  electron  beam  chamber,  2  cryogenic  pumps 
on  the  sides).  The  2  modulators  (PFNs)  are  located  underneath  the  vacuum  chamber  of  the  electron  beam  accelerator. 
The  presented  laser  system  has  been  tested  at  full  specifications  in  sequences  of  1000  pulses  at  100  Hz  and  intermis¬ 
sions  of  10  minutes.  This  time  interval  is  used  to  reduce  the  pressure  in  the  electron  beam  accelerator  chamber  to  less 
than  1 10’^  mbar.  During  operation  of  the  e-beam  accelerator,  the  pressure  rises  to  a  constant  level  of  approximately 
5  10’^  mbar.  The  right  hand  side  of  Fig.  5  shows  a  cross-sectional  view  of  the  laser  cavity  with  the  in-  and  outlets  of  the 
gas  flow  and  the  electron  beam  accelerator  chamber.  The  extracted  electrons  from  the  graphite  plasma  of  the  cold 
cathode  beam  accelerator  are  guided  to  the  anode  window  (Hibatchi  structure)  by  the  use  of  electrostatic  forces  from 
the  corona  ring  structure.  The  distance  between  the  graphite  cathode  and  the  electron  beam  window  is  15  cm.  The 
transparency  of  the  window  grid  is  approximately  75  %.  For  voltages  higher  than  100  kV,  almost  all  electrons  pass  the 
25  pm  Kapton  foil  without  substantial  energy  loss.  The  overall  shot  number  of  the  laser  system  has  so  far  reached  1 10^ 
pulses  with  a  very  good  reproducibility  from  shot  to  shot.  The  temporal  structure  of  3  laser  pulses  at  a  laser  gas  pres¬ 
sure  of  0.75  atm  for  different  PFN  inductances  is  shown  in  Fig.  6  (left)  as  well  as  7  pulses  of  a  burst  of  1000  shots  for  a 
pulse  duration  of  10  ps  at  a  repetition  rate  of  100  Hz  (right).  The  power  loading  of  the  main  discharge  is  150  J/1  atm 
and  the  specific  output  energy  gives  10  J/1  atm.  The  temporal  behavior  of  the  laser  pulse  follows  the  temporal  behavior 
of  the  voltage  at  the  main  discharge  electrode  (cf.  Fig.  2).  The  tail  of  the  laser  pulse  is  in  a  steady  state,  nonself- 
sustained  regime  (E/N  =  1  10'^^  Vcm^)  *.  The  peak  of  the  laser  pulse  results  from  the  transient  behavior  of  the  laser 
light  and  laser  medium  interaction  and  is  delayed  by  a  few  hundred  nanoseconds  vrith  respect  to  the  onset  of  the  main 
discharge. 


4.  INTERNAL  SYNCHRONIZATION  OF  MULTIPLE  MODULATORS 

In  the  charging  sequence,  the  4  modulators  of  the  main  discharge  are  loaded  to  a  maximum  of  50  kV.  At  an  operating 
pressure  of  0.75  atm  in  the  laser  chamber  and  an  interelectrode  separation  of  12  cm,  the  self-breakdown  voltage  be¬ 
tween  the  electrodes  is  approximately  20  kV.  When  using  a  voltage  divider  (cf.  Fig.  1,  Cdi  =  Cd2  =  2  nF),  the  voltage 
between  the  main  discharge  electrodes  is  kept  below  the  self-breakdown  limit  until  the  electrons  from  the  electron 
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Figure  6.  Temporal  behavior  of  laser  pulses  (left),  burst  of  laser  pulses  at  100  Hz  (right). 


beam  accelerator  are  drifting  into  the  laser  cavity.  The  impedance  of  the  laser  gas  is  then  reduced  and  the  full  loading 
voltage  appears  across  the  spark  gap  electrodes  and  initiates  the  breakdown  in  the  switch.  The  only  trigger  signal  used 
in  the  system  is  the  trigger  pulse  for  the  ignition  of  the  electron  beam  accelerator  switch.  This  internal  synchronization 
scheme  is  very  cost  effective  and  very  reliable  in  operation. 


5.  SUMMARY 


The  successful  development  of  a  high-pressure,  pulsed  COi-laser  with  an  average  output  power  of  more  than  15  kW 
has  been  accomplished.  The  laser  system  operates  at  a  repetition  rate  of  up  to  100  Hz,  pulse  energies  of  up  to  180  J, 
and  variable  pulse  length  between  3  and  10  ps.  The  overall  system  has  been  tested  for  bursts  of  1000  shots,  and  a  total 
shot  number  of  1 10*  has  so  far  been  achieved  without  any  major  misfunctions  of  the  system.  One  main  key  element  of 
the  system  is  the  reliable  operation  of  the  cold  cathode  electron  beam  accelerator  with  a  voltage  of  up  to  250  kV.  The 
laser  pulses  show  an  unprecedented  reproducibility  from  shot  to  shot  at  full  specifications  of  the  system. 
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ABSTRACT 

For  delivety  of  high-power  IR  laser  light,  hollow-core  fibers  have  advantages  of  Riggedness. 
environmental  stability,  and  high-power  threshold  over  the  IR  solid-core  fibers,  such  as  fluoride  glasses, 
metal  halides,  and  chalcogenides  fibers.  In  this  paper,  we  focus  on  the  hollow-fiber  beam  deliveiy 
system  for  high  pow'er  mid-IR  lasers  with  more  than  1-kW  CW  power  or  1000  mJ  pulse  energy  and 
review  the  current  status  of  hollow  fibers  by  showing  the  system  designs  and  the  tested  results. 

Keywords:  infrared  fibers,  hollow'  waveguides,  infrared  lasers 


1.  INTRODUCTION 

Hollow  fibers  are  a  leading  candidate  for  use  as  a  delivery  system  of  mid-infrared  lasers  because  of  the 
advantages  of  high  power  thresholds,  ruggedness,  and  no  end  reflection.'  Specially  for  the  high-power 
lasers  with  CW-power  of  more  than  1  kW  or  pulsed-energy  more  than  1000  mJ.  hollow  fibers  show  the 
best  performances  as  a  flexible  delivery  system  since  solid-core  fibers  specially  designed  for  mid-IR  light 
usually  ha\'e  loiver  power  capability  due  to  the  end  reflection  and  the  absorption  slightly  remained  in  tlie 
core  region. 


Recently-,  high-power  lasers  represented  by  CO;  lasers  have  become  very  popular  in  laser-machining, 
printing,  and  welding  applications.  Simultaneously,  some  groups  ha\'e  developed  and  tested  beam 
deliy  ery  systems  for  the  high  powered  lasers  using  holloyv  fibers.  In  this  paper,  we  review  the  current 
status  of  holloyv  fibers  by  showing  the  system  designs  and  the  tested  results. 


2.  TYPES  OF  HOLLOW  FIBERS 


Holloyv-core  fibers  for  high-poyver  laser  deliveiy  are  categorized  into  tyvo  groups  by  the  structures.  First 
one  is  a  dielectric-coated  metal  fiber  and  the  second  one  is  a  fiber  utilizing  attenuated  total  reflectance. 


2.1  Dielectric-coated,  metal,  hollow  fibers 

Though  the  metal-tubing  fibers  hay  e  the  high  attenuation 
specially  for  TM  and  hybrid  modes,  an  inner  dielectric 
coating  yvhich  is  properly  designed  reduces  the  attenuation 
loss  drastically.  The  basic  concept  of  this  type  of  fiber 
yvas  proposed  in  Ref  [2J  and  the  structure  is  shown  in  Fig. 
1 .  The  fiber  is  consisted  of  a  metal  tube  or  a  metal  film 
deposited  on  the  inside  of  a  supporting  tube,  and  a  single 
or  multiple  dielectric  film  which  is  transparent  at  the 
desired  yvavelengths.  The  optimum  thickness  of  the 
single  dielectric  film  is* 
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Fig.  1:  Structure  of  dielectric-coated 
metal  hollow  fiber 
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where  A  is  WcU^elength  and  /?;  is  refractive  index  of  the  dielectric.  The  power-attenuation  constant  2a  of 
the  lowest  order.  HEn  mode  is  theoretically  expressed  as 


2a  =  2 


A'  ri 

{2Ty\r+K' 


(2) 


where  n-jK  is  a  complex  refractive  index  of  the  metal  layer.  2T  is  the  bore  diameter,  and  uo  is  a  mode- 
dependent  parameter  which  equals  2.4048  for  the  HEn  mode. 

Various  materials  Ivcwe  been  employed  as  the  metal  and  dielectric  layer  and  some  fabrication  methods 
have  been  proposed.  The  research  group,  fabrication  methods,  and  metal  and  dielectric  materials  used 
in  the  fibers  are  summarized  as  follows. 


1 )  A  metallic  fiber  based  on  a  nickel  supporting  tube  which  is  formed  by  the  electroplating  technique  was 
developed  at  Tohoku  University.^  A  silver  film  is  employed  as  the  metal  layer  because  of  the  lower 
/?  //?"  value  in  Eq.  (2)  than  nickel  in  the  mid-IR  region.  As  the  dielectric  material  Ge/  ZnSe.'’ 
and  ZnS^’  were  employed  and  ZnS  is  the  most  preferable  due  to  the  lower  refracti^■c  index,  high 
chemical  stability,  and  no  toxicity^ 


2) Plaslic  hollow  fibers  fabricated  by  using  a  wet  chemistry  technique  was  developed  at  Tel  Aviv 
University."^  A  silver  film  is  firstly  deposited  on  the  inside  of  the  plastic  tubing  and  then  an  Agl 
layer  is  formed  by  flow  ing  iodine  inside. 

3)  A  group  at  Rutgers  University  modified  the  Croitonf  s  technique  and  adopted  silica  capillan'  tubing  as 
the  supporting  tube.‘^  Because  of  the  surface  smoothness  and  uniform  circularity'  of  the  glass 
supporting  tube,  the  fiber  show^s  veity  low -loss  and  excellent  performances  in  the  output  beam  quality'.^" 


4) Laakman  et  al.  developed  a  fibrication  technique  employing  a  metal  strip  coated  with  Ag  and  PbF:.^’ 
The  strip  is  rolled  and  inserted  into  the  stainless-steel  supporting  tube. 

5) Morrow  et  oL  employed  an  extnied  silver  tube  as  the  supporting  material.  They  first  etch  the  bore  to 
make  it  smooth  and  then,  an  AgBr  is  deposited  by  flowing  Br:  down  the  bore.^“ 


6) A  group  al  Tohoku  Uni\’ersity'  deposited  a  polyimide'  ''  or  a  fluorocarbon-polymer''’  film  on  the  inside 
of  silica  capillary  tubing  on  wiiich  a  Ag  film  is  coated  inside  in  advance  by  the  wet  chemistiy  method. 
The  polymer  films  are  deposited  by  using  a  liquid-flowang  deposition  technique. 


2.2  Attenuated  total  reflectance  fibers 

This  type  of  hollow  fibers  utilizes  the  anomalous 
dispersion  of  metal  oxides.  As  show'ii  in  Fig.  2.  complex 
refractive  indices  h-Jk  of  metal  oxides  show  resonance 
dispersion  in  the  mid-IR  w'avelengths.  In  the  region 
w'here  /?<!  and  k«[.  the  fiber  show'S  behavior  that  is 
similar  to  the  solid-core  fibers  w'hose  clad  index  is  low'er 
than  the  core  index.  From  the  view^point  of  geometrical 
optics,  the  /?<!  clad-index  causes  high  reflectance  that  is 
close  to  total  reflectance  at  the  inside  surface  of  the  fiber 
and.  thus,  it  leads  to  the  low  attenuation.  Some  groups 
have  studied  the  properties  of  oxide  glasses  as  tubing 
material  of  the  attenuated  total  reflectance  fibers. 


Fig.  2:  Connplex  indices  of  metal  oxides 


1  )Hidaka  et  ai.  firstly  proposed  the  concept  and  investigated  the  characteristics  of  GeO-ZnO-K.O 
glasses  for  CO2  laser  light  transmission.*'^ 

2)Worreirs  group  studied  the  optical  properties  of  oxide  glasses  for  using  as  a  CO:  wa\'cguide  lasers.*'”’ 

j)Because  ABO.^  has  the  n<l  region  at  around  JO  pm  wa^'cleng^h.  Io\\  attenuation  is  expected  at  the  CO: 
laser  wavelength.  Sapphire-crystal  hollow  fibers  for  CO:  laser  light  was  iincstigaied  at  Rutgers 
University.  '  Sapphire  hollow  fibers  have  ver\  high  heat  resistivity  and.  tliercforc.  it  is  appropriate 
material  for  transmission  of  high-power  laser  light. 


3.  GH-POWER  LASER  DELIVERY  SYSTEMS  USING  HOLLOW  FIBERS 


3.1  CO2  laser  delivery  systems 

A.  Ge-An  system 

.n  laser  deliver)^  system  for  a  kW-class  CO: 
lasers  by  using  the  metal  hollo\^'  fiber  coated 
with  Ag  and  Ge  films  was  developed  at  Hitachi 
Cable.  The  fiber  is  fabricated  by  the 
following  method: 

l)Gc  and  Ag  films  arc  sputtered  onto  a 
leachablc  Al  tubing.  2)a  Ni  structural  layer  is 
formed  on  the  films  by  electroplating,  and 
3)the  AI  tubing  is  removed  by  flowing  alkaline 
solution  inside. 
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Fig.  3;  Protective  jacket  for 

Ge-Ag  hollow/ waveguide 


Though  the  fiber  itself  is  nigged  and  has  high  heal  resistivil>'.  for  high-power  lasers  of  kW-class.  il  is 
better  to  use  a  jacket  to  protect  the  fiber  from  mechanical  shock  and  temperature  increase.  Figure  .T 
shows  the  protective  cooling  jacket  of  the  hollow  fiber  for  high-power  deliver,'  system  that  is  designed  for 
applications  of  laser  material  processing. The  fiber  has  a  ().45-|.im  thick  Gc  and  l),l  pm-thick  Ag 
films  and  the  bore  diameter  is  1.7  mm.  The  total  length  of  the  deliver)'  system  is  2  m.  The  fiber  is 
cooled  b)'  water  from  outside  and  Ar  gas  from  inside. 


Figure  4  shows  the  transmission  of  straight  and  bent  fibers.  The  loss  for  .1  kW-inpul  pow  er  is  as  low  as 
033  dB/m  and.  as  shown  in  Fig,  5.  the  fiber  bent  with  70-cm  displacement  of  the  output  end  is  still  low' 
as  1.5  dB.-" 


Fig.  4:  Transmission  of  Ge-Ag  hollow  fiber 


Displacement  of  output  end  (cm) 


Fig.  5  :  Bend  losses 
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B.  Agl-Ag  system 

Harrington  et  al.  tested  their  Agl-Ag  hollow  fiber  that  is  formed  on  glass-capillar>'  tubing  for  high-power. 
CO:  laser  light."’ 


Figure  6  is  a  schematic  of  the  fiber  cooling  jacket  used  in  the  high-power  test.  The  water  jacket  is  1/4-in. 
polyethylene  tubing  and  cooling  water  of  18  °C  is  forced  o^^er  the  fiber.  The  fiber  is  1.5-m  long  and  the 
bore  diameter  is  700  yim. 


Figure  7  shows  the  transmission  of  the  Agl-Ag 
glass  hollow  fiber.  The  maximum  output  power 
from  the  straight  fiber  is  1010  W  that  is  limited 
only  by  the  laser  power  source  and  the 
attenuation  is  0.46  dB/m.  The  fiber  bent  in  a 
15-cm-radius  360°  loop  is  also  as  low  as  0.89 
dB/m. 

C.  Sapphire  hollow  fiber 

The  transmission  properties  of  the  sapphire 
hollow  fiber  for  the  high-po\\er  lasers  were 
investigated  by  Harrington  el  al.  using  the  same 
cooling  jacket  as  in  Fig.  3."’  Figure  8  is  the 
measured  transmission  of  the  sapphire  hollow 
fiber.  The  length  and  bore  size  are  1.2  m  and 
1070  pm.  respectively.  The  maximum  output 
power  of  1900  W  was  obtained  for  the  2500  W 
input.  The  attenuation  is  0.99  dB/m  that  is 
affected  by  the  poor  qualit>'  of  the  input  beam- 
profile. 

Though  the  sapphire  crystal  fiber  is  somewhat 
stiff,  it  can  be  bent  in  relati^'ely  large  radii.  The 
transmission  of  the  bent  sapphire  fibers  is  85%  of 
the  straight  fiber  for  40  cm-dc flection  of  output 
end. 


Graphite  Beam  Dump 
/  Sapphire  Waveguide 
^  /  Polyethylene  Cooling  Jacket 


Cooling  Water 


Fig.  6:  Cooling  jacket  for  Agl-Ag  fiber 


Fig.  7  :  Transmission  of  Agl-Ag  fiber 


3.2  EnYAG  laser  delivery  systems 
A.  ZnS-Ag  system 

The  ZnS-Ag  coated  metal  fiber  fabricated  by 
sputtering  and  electroplating  technique  was  tested 
by  Miyagi  et  al~~  They  employed  an  acid-soluble 
glass  as  a  Icachable  mandrel  to  get  the  inner- 
surface  smoothness.  High  pulse  energy  of  1.6  J  at 
5  pps  was  used  in  the  test,  however,  a  water  cooling 
jacket  is  not  necessary'  because  the  lo^^  a^'erage 
power  of  8  W  that  has  almost  no  heating  effect  on 
the  fibers. 

Figure  9  is  the  input-output  energy  of  the  80()-pm 
bore.  1 16 -cm  long  fibers.  The  straight  fiber  shows 
the  loss  of  around  0.75  dB  that  is  independent  of 
the  input  energ>'.  The  loss  of  the  fiber  bent  180°  al 


Fig.  8:  Transmission  of  sapphire  hollow  fiber 
a  30-cm  radius  is  1.8  dB. 


B,  Polvimde-Ag  system 

Figure  JO  sliows  lire  transmission  of  the  pol\'iniide  and  Ag-coated  fiber  witli  tlte  bore  si/x  of  700  pm  and 
llie  lengllt  of  2.3  Tlie  siraiglit  fiber  sliovv  the  loss  of  0.75  dB  at  1 100  mJ  input  energy  without  any 

damage  on  the  fiber.  The  bend  loss  is  1.2  dB  in  a  15  cm-radius.  180°  bent. 

3.3  Other  lasers 

The  dielectric-coaled  hollow  fibers  transmits  any  waA'clengths  in  the  mid-IR  region  when  the  dielectric  is 
properly  chosen  and  the  thickness  is  designed  for  the  wavelength.  There  Inu  c  been  some  experimental 
reports  on  5-).im-wa\'elength  CO  laser.-'’  and  6.45-|,im  free-elcctron-laser  delivery. 


Energy  in  (mJ) 


Fig.  9:  Transmission  of  ZnS-Ag  fiber 
for  Er:YAG  laser 


Fig.  10;  Transmssion  of  Polyimide-coated  fiber 
for  ErYAG  laser 


4.  CONCLUSION 

Man>'  types  of  hollow  fibers  ha\'e  been  de\'eloped  for  high-power  laser  deli\'ery  and  they  ail  ha\'e  merits 
and  demerits.  The  dielectric-coated  fibers  using  a  metal  stnictural  lube  ha\'e  \'en'  low  transmission  loss 
and  high  mechanical  strength,  how'e^'cr.  the  fabrication  process  is  complicated  and  costh'.  The  glass- 
based.  dielectric-coated  fibers  ha\’e  high  flexibility  and  the  liquid-phase  deposition  methods  used  in  the 
fabrication  are  simple  and  appropriate  for  mass  production.  Howe\'cr.  the  glass  tubing  is  somew'hat 
brilllc  in  deslniclive  em  ironment.  Though  the  sapphire  hollow  fiber  stands  extremely  high  temperature, 
it  is  stiff  and  the  fabrication  lends  to  be  costly. 

It  has  been  proved  and  established  that  the  hollow  fibers  arc  the  c.xccllcnt  media  for  the  dcln  ciy  of  higli 
power  IR-lascrs  because  of  the  niggedness.  flexibility,  and  low  losses.  It  is  now  neccssaiy  to  choose  the 
best  type  of  hollow  fibers  for  each  practical  uses. 
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ABSTRACT 

This  paper  gives  an  overview  of  recent  developments  made  in  using  non-rotationally  symmetric  optical  elements  (NOEs) 
for  the  beam  shaping  of  high  power  laser  radiation  at  the  Lehrstuhl  fiir  Lasertechnik  and  the  Fraunhofer-Institut  fur 
Lasertechnik.  Several  applications  of  NOEs  in  the  IR-  and  UV-wavelength  regions  demonstrate  the  innovative  potential  of 
NOEs  for  laser  materials  processing. 

1.  INTRODUCTION 

Many  applications  of  materials  processing  with  laser  radiation  require  the  workpiece  to  be  illuminated  by  an  intensity  distri¬ 
bution  which  is  adapted  to  the  specific  process.  The  intensity  profiles  produced  by  commercial  high  power  lasers  differ  con¬ 
siderably  from  the  profiles  best  suited  to  several  applications.  Thus,  the  beam  delivery  system  together  with  optical  ele¬ 
ments  for  beam  shaping  are  key  components  of  a  laser  machine. 

A  new  type  of  optical  element,  which  can  transform  the  output  beam  of  a  high  power  laser  to  the  desired  process-adapted 
beam  profile,  is  the  so  called  non-rotationally  symmetric  optical  element.^  NOEs  are  diamond  turned  mirrors  with  an  almost 
arbitrary  surface  shape  so  that  complex  phase  transformations  can  be  realised.  In  the  following,  fundamental  design  con¬ 
cepts,  experimental  investigations  and  applications  of  NOEs  are  presented. 

2.  BEAM  TRANSFORMATION 

The  principle  of  beam  transformation  is  the  multiplication  of  a  given  coherent  electromagnetic  field  by  a  specific  phase 
function  so  that,  in  an  image  plane,  the  desired  intensity  distribution  is  observed.^  Usually  beam  transformation  is  realised 
by  diffractive  optical  elements  because  the  power  redistribution  from  the  transformation  plane  into  the  image  plane  requires 
optical  elements  having  non-rotationally  symmetric  transfer  functions. 


Figure  i.  Gaussian  to  square  beam  transformation  with  NOE  mirror,  (a)  Surface  function  of  the  mirror,  (h)  measured 
intensity  profile  in  focal  plane  of  the  mirror  {CO 2  laser,  mode,  laser  power  =  40  W) 
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The  main  disadvantages  of  using  diffractive  optical  elements  in  the  high  power  regime  are  the  damage  to  the  surface  struc¬ 
ture,  due  to  absorption  effects  and  the  low  efficiency  caused  by  diffraction  losses.  These  problems  can  be  overcome  through 
the  use  of  NOEs.  NOEs  have  the  same  high  radiation  resistance  than  other  diamond  turned  metallic  mirrors  and  the  optical 
energy  transfer  efficiency  between  the  transformation  and  image  planes  is  given  by  the  reflectivity  of  the  substrate  material. 

The  most  commonly  encountered  problem  with  beam  transformation  is  the  conversion  of  a  Gaussian  laser  beam  to  a  square¬ 
shaped  beam  with  uniform  intensity.  Several  authors  have  described  the  phase  function  for  this  transformation.^  Using  a 
NOE  mirror,  the  conversion  of  a  40  W  fundamental  mode  laser  beam  is  performed  successfully,  with  an  efficiency  of  98  %, 
cf.  figure  1 . 


3.  BEAM  INTEGRATION 

Beam  integration  with  multifaceted  integrating  mirrors  is  the  most  common  concept  used  in  creating  homogeneous  beam 
profiles  of  rectangular  geometry.  The  principle  of  beam  integration  is  to  separate  the  incident  beam  into  a  large  number  of 
beamlets  and  to  superpose  these  beamlets  in  the  focal  plane.  In  a  simple  geometric  optical  understanding,  the  averaging 
which  results  from  the  superposition  homogenizes  the  intensity  distribution. 

The  main  disadvantages  of  conventional  multifaceted  integrating  mirrors  are  their  complex  and,  therefore  expensive  manu¬ 
facture  and  the  limited  possibilities  for  varying  the  surface  shape  of  the  facets  in  order  to  generating  process-adapted  beam 
profiles. 

Monolithic  multifaceted  integrating  mirrors,  with  almost  arbitrary  facet  surface  shape,  can  be  realised  using  NOE- 
technology.  However,  while  in  the  short  wavelength  region  of  excimer  laser  radiation  and  by  application  of  NdiYAG  laser 
radiation  the  beam  integration  works  well,  the  high  degree  of  spatial  coherence  of  CO2  laser  radiation  produces  well-known 
intensity  distributions,  characterised  by  interference  and  diffraction  structures,  cf.  figure  2.  The  interference  is  caused  by  the 
coherent  superposition  of  the  beamlets  and  the  diffraction  is  caused  by  the  apertures  of  the  facets  involved.^ 


x[mm] 

a)  b)  c) 

Figure  2.  Measurements  of  beam  profiles  in  the  focal  plane  of  NOE  multifaceted  integrating  mirrors  at  different 

wavelengths,  (a)  KrF  excimer  laser  (X  =  248  nm),  (b)  Nd.  YAG  laser  (X  =  1.06  pm),  (c)  CO 2  laser  (X  =  10.6  pm), 
bum-in  in  PMMA 


4.  REDUCTION  OF  COHERENCE 

In  many  applications,  e.g.  transformation  hardening,  the  peaks  of  the  integrated  intensity  distribution  of  figure  2.  c)  cause  a 
decline  in  the  surface  quality  obtained  by  the  laser  processing.  Theoretical  and  experimental  investigations  of  the  imaging 
process  of  a  multifaceted  integrating  mirror  show,  that  a  well- aimed  reduction  of  the  spatial  coherence  of  the  laser  radiation 
can  suppress  the  contrast  of  the  diffraction  structure,  therefore  optimising  the  homogeneity  of  the  integrated  beam  profile.^ 

For  a  given  integrating  mirror,  the  optimal  coherence  parameters  are  determined  through  statistical  optics.  With  the  help  of 
a  random  process,  described  by  these  coherence  parameters,  a  statistical  rough  surface  for  a  NOE  phase  modulating  mirror 
can  be  computed.  By  inserting  the  NOE  phase  modulating  mirror  directly  in  front  of  the  integrating  mirror,  and  by  rotating 
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it  around  the  axis  normal  to  the  surface,  statistical  phase  fluctuations  are  transferred  to  the  incident  laser  radiation.  This 
results  in  a  reduction  of  the  spatial  coherence,  cf.  figure  3.  a).  The  experimental  results  depicted  in  figure  3.  b)  confirm  that 
the  reduction  of  the  spatial  coherence,  by  the  NOE  phase  modulating  mirrot  nsiderably  improves  the  homogeneity  of  the 
integrated  beam  profile.  By  applying  the  phase  modulating  mirror  to  surfac  rdening,  undesired  surface  meltings,  caused 

by  the  diffraction  peaks,  can  be  completely  avoided. 


line  focusing 
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phase  modulation 


with 

phase  moduiation 
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Figure  3.  Reduction  of  the  spatial  coherence  of  CO 2  laser  radiation  by  a  NOE  phase  modulating  mirror  and  application  to 
surface  hardening,  (a)  Optical  set-up,  (b)  bum-in  in  PMMA  in  plane  of  workpiece  and  (c)  topview  of  hardening 
tracks  (material:  40CrMnMo7,  laser  power  =  1.8  kW,  velocity  v^  ^  360  mm/min).  The  dark  lines  in  the  left 
picture  indicate  surface  melting. 


5.  Beam  integration  with  beamlet  shaping 

Particularly  in  UV  laser  radiation  processing,  optical  components  are  needed  for  complex  optical  transformations  to  create 
process-adapted  beam  profiles.  Due  to  the  large  losses  at  the  mask,  mask  imaging  processes  show  low  processing  efficien¬ 
cies.  Here  an  appropriate  beam  shaping  should  be  used  to  concentrate  the  optical  energy  on  the  apertures  of  the  mask,  which 
results  in  an  improvement  of  the  processing  efficiency. 

NOE  integrating  mirrors  with  arbitrary  shaped  facet  surface  profiles  offer  an  appropriate  tool  for  approaching  the  task  of 
mask- adapted  beam  shaping.  It  can  be  shown  that  a  given  beam  profile  can  be  obtained,  in  the  focal  plane  of  an  integrating 
mirror,  through  a  suitable  choice  of  individual  facet  surface  function.^  This  concept  of  beam  integration  with  beamlet  shap¬ 
ing  combines  the  advantages  of  beam  transformation  and  beam  integration.  Beam  transformation  offers  the  possibility  of 
generating  a  process-adapted  beam  profile.  Beam  integration  ensures  that  the  generated  beam  profile  is  then  independent  of 
the  intensity  distribution  of  the  incident  laser  beam. 

The  concept  of  beam  integration  with  beamlet  shaping  is  examined  for  ablation  with  KrF  excimer  laser  radiation.  The  task 
is  to  ablate  aenular  shaped  geometries  in  80  pm  polyimide  foil  by  means  of  mask  projection  techniques.  In  an  experiment, 
we  deten'  the  efficiency  of  the  beam  shaping  obtained  with  the  optical  set-up  depicted  in  figure  4.  a).  The  efficiency  is 
defined  i  the  pulse  energy  in  plane  II  divided  by  the  pulse  energy  in  plane  I.  For  conventional  beam  shaping,  with  an 
imaging  ;ntegiator  device,  an  efficiency  of  8  %  was  measured.  In  the  plane  of  the  workpiece  an  energy  density  of  963 
mJ/cm‘'  was  measured  and  400  pulses  were  required  to  generate  the  desired  geometry  in  the  foil.  Concentrating  the  laser 
energy  on  the  aperture  of  the  mask,  through  the  use  of  a  NOE  integrating  mirror  with  non-plane  facets^,  the  efficiency  can 
be  improved  to  34%,  cf.  figure  4.  b).  Thus,  in  the  plane  of  the  workpiece,  the  same  energy  density  can  be  achieved  with 
only  25%  of  the  input  pulse  energy  in  plane  I. 
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Figure  4,  Ablation  of  polyimide  foil  with  UV  laser  radiation  (X  =  248  nm)  .  (a)  Optical  set-up  for  microstructuring  by 
means  of  mask  projection  techniques  and  (b)  experimental  results.  With  mask-adapted  beam  shaping,  the 
required  pulse  energy  for  the  same  processing  result  can  be  reduced  to  25%. 


6.  CONCLUSIONS 

In  this  paper  the  performance  of  non-rotationally  symmetric  optical  elements  (NOEs)  for  the  beam  shaping  of  high  power 
laser  radiation  is  investigated.  NOEs  are  diamond  turned  mirrors  with  an  arbitrary  shaped  surface  profile. 

With  a  NOE  mirror,  the  conversion  of  a  40  W  fundamental  mode  CO2  laser  beam  into  a  square  beam  is  performed  success¬ 
fully  with  an  efficiency  of  98%.  Beam  integration  at  CO2,  NdiYAG  and  Excimer  wavelength  can  be  realised  through  the 
use  of  NOE  mirrors.  Interference  and  diffraction  structures,  caused  by  the  integrating  process  of  CO2  laser  radiation,  are 
suppressed  by  a  rotating  NOE  phase  modulation  mirror.  This  mirror  controls  the  degree  of  transversal  coherence.  It  enables 
the  hardening  of  workpieces  without  any  local  surface  melting.  An  advanced  concept  of  beam  shaping  is  used  to  concen¬ 
trate  the  optical  energy  on  the  apertures  of  a  mask.  In  microstructuring,  by  means  of  mask  imaging  techniques,  the  process¬ 
ing  efficiency  can  be  considerably  improved  by  this  new  concept.  The  experimental  results  demonstrate  the  potential  of 
NOEs  for  innovating  laser  materials  processing.  The  quality  of  the  processing  can  be  improved  and  the  costs  reduced 
through  the  use  of  NOEs  for  beam  shaping. 
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ABSTRACT 

A  device  capable  of  drastically  improving  the  energy  efficiency  of  present  mask  based  laser  materials  processing 
systems  is  presented'.  Good  accordance  between  experiments  and  simulations  for  a  TEA-COj  laser  system  designed  for 
laser  marking  has  been  demonstrated.  The  energy  efficiency  may  be  improved  with  a  factor  of  2  -  4  for  typical  macir 
transmittances  between  10  -  40%. 


Keywords:  TEA-COj  lasers,  materials  processing,  mask  based  laser  materials  processing,  laser  marking 


1.  INTRODUCTION 

The  basic  idea  behind  conventional  mask  based  laser  materials  processing  systems  (MBLMPS)  is  to  direct  laser  light 
onto  a  mask  with  the  desired  information  (e.g.  text),  and  subsequently  image  the  light  transmitted  through  the  mask  onto 
the  workpiece.  Our  energy  enhancer  uses  special  designed  mirror  components  to  “catch”  the  light  reflected  at  the  mask, 
and  redirect  it  back  towards  the  mask,  thus  reusing  otherwise  wasted  energy,  and  consequently  a  higher  energy 
efficiency  is  obtained  (in  the  following  denoted  energy  enhancement).  A  sketch  of  the  energy  enhancer  set-up  is  given 
below  in  Figure  1 


Figure  1  Sketch  of  the  energy  enhancer  set-up. 

Figure  1  shows  that  the  energy  enhancer  basically  consists  of  5  components: 

1.  A  simple  2  inch  diameter  piano  convex  lens  used  to  focus  the  light  through  the  small  hole  in  the  enhancer  mirror. 

2.  A  specially  designed  enhancer  mirror  (100  x  100  mm,  height  x  width)  used  to  redirect  the  light  reflected  at  the  mask 
or  mask  mirror  back  towards  the  mask. 

3.  A  plane  mask  mirror  (100  x  100  mm,  height  x  width),  with  a  hole  in  the  middle,  where  the  mask  is  placed. 

4.  A  mask  with  the  desired  information  etched  through  it.  The  information  area  on  the  mask  is  26  x  16  mm  (height  x 
width). 

5.  A  simple  3  inch  diameter  piano  convex  lens  used  to  image  the  mask  pattern  onto  the  workpiece. 

In  this  paper  we  will  give  a  review  of  the  applications,  where  MBLMPS  are  utilised.  How  such  applications  may  benefit 
from  the  energy  enhancer  will  be  described.  Additionally,  we  will  present  obtained  experimental  and  simulated  results 
determining  the  achievable  energy  enhancement  as  a  function  of  mask  transmittance,  and  the  reflectivities  of  the  3 
mirror  components  (enhancer  mirror,  mask  mirror  and  mask). 
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2.  APPLICATIONS  OF  MASK  BASED  LASER  MATERIALS  PROCESSING  SYSTEMS 

Laser  marking  is  the  dominant  application  for  MBLMPS  with  CO2  laser.  All  kinds  of  materials  can  be  marked,  including 
anodised  aluminium,  painted  metals,  glass,  ceramics,  integrated  circuits  and  many  plastics  and  paper  productsl  Laser 
marking  has  several  advantages  compared  to  e.g.  ink-jet  systems:  permanent  and  more  clean  and  legible  marks,  lower 
environmental  impact,  better  reliability,  longer  time  between  scheduled  maintenance,  lower  consumable  costs,  and 
consequently  higher  return  of  investment^’^’\  Laser  marking  may  be  performed  without  masks,  using  instead 
galvanometric  mirrors  to  direct  the  focused  beam  of  a  high  rep  rate  laser  -  CO2  or  YAG  >  onto  the  workpiece,  and  thus 
creating  marks  consisting  of  small  dots.  Such  systems  have  a  higher  degree  of  flexibility  than  the  mask  based  systems, 
but  are  likewise  slower  and  more  expensive. 

A  vast  number  of  applications  exist  for  MBLMPS  with  excimer  laser.  The  major  advantages  of  excimer  lasers  are  of 
course  the  short  wavelength,  which  allows  a  very  high  spatial  resolution,  and  the  short  pulse  time,  which  leads  to  a  small 
thermal  interaction  between  light  and  material.  A  fast  growing  market  is  microdrilling  of  such  diverse  objects  as  medical 
plastic  catheters  (a  few  microns  diameter  holes),  and  polyimide  and  ceramic  ink-jet  nozzles  (typically  50  microns 
diameter  holes)^  Micromachining  with  excimer  laser  in  glass  and  ceramics  is  advantageous  due  to  the  absence  of 
microcracking  and  fractures.  Micromachining  diamond  with  excimer  laser  avoids  the  graphitization,  which  results  in  the 
HAZ,  when  CO2  or  YAG  lasers  are  utilised.  Wire  stripping  (removal  of  insulation)  is  popular  because  the  method  is  very 
precise,  and  leaves  the  bare  wire  undamaged^  Marking  with  excimer  lasers  is  likewise  advantageous,  as  it  allows 
indelible  marks  without  any  material  removal,  because  certain  plastics  change  colour  when  exposed  to  the  excimer  light. 
This  phenomenon  is  particularly  important  when  marking  plastic  cables  for  the  aircraft  industry  or  when  marking 
micro/semiconductor  electronics. 


3.  ADVANTAGES  OBTAINED  USING  THE  ENERGY  ENHANCER 

Different  types  of  TEA-CO2  lasers  are  available  for  marking  purposes.  Generally,  one  has  to  choose  between  high  rep 
rate  or  high  pulse  energy.  In  some  industrial  installations  the  speed  of  the  production  line  is  actually  limited  by  the  speed 
(i.e.  the  rep  rate)  of  the  marking  system.  Use  of  the  energy  enhancer  will,  of  course,  allow  the  use  of  a  laser  with  a  lower 
pulse  energy  and  thus  higher  rep  rate. 

Another  encouraging  perspective  for  systems  with  a  higher  energy  efficiency  is  to  exchange  the  high  pulse  energy, 
expensive,  large  and  water  cooled  lasers  with  their  smaller,  less  expensive  and  air  cooled  cousins,  which  may  deliver 
enough  energy,  if  combined  with  an  energy  enhancer. 

Of  course,  the  most  obvious  advantage  of  the  energy  enhancer  is  that  it  becomes  possible  to  produce  larger  marks,  which 
may  contain  more  information  e.g.  multiple  lines  of  text. 

In  general,  most  of  the  excimer  applications  are  characterised  by  the  fact  that  multiple  shots  are  needed  to  perform  the 
desired  work.  Implementation  of  the  energy  enhancer  will  decrease  the  number  of  necessary  shots,  and  consequently 
increase  the  process  speed  and  decrease  the  cost  of  operation.  MBLMPS  for  excimer  lasers  are  often  equipped  with  a 
beam  homogeniser  to  ensure  a  uniform  light  intensity  distribution  across  the  mask  (and  workpiece).  Such  a  device  is 
superfluous,  if  an  energy  enhancer  is  utilised,  as  the  energy  enhancer  is  designed  to  produce  a  uniform  light  distribution 
across  the  mask.  However  -  as  the  case  is  for  most  beam  homogenisation  systems  -  the  energy  enhancer  introduces  a 
larger  divergence  of  the  beam  after  the  mask,  and  this  makes  the  imaging  more  complicated.  This  is  especially  the  case 
for  applications,  where  high  image  demagnification  ratios  are  needed. 


4.  SIMULATED  AND  EXPERIMENTAL  RESULTS 

Perhaps  the  most  important  parameter,  when  considering  the  efficiency  of  the  energy  enhancer,  is  the  mask 
transmittance.  This  parameter  is  defined  as  the  percentage  of  the  total  mask  area  containing  information  (i.e.  the 
percentage  of  open  areas  (“holes”)  in  the  mask).  Figure  2.a  illustrates  how  the  energy  enhancement  depends  on  the  mask 
transmittance.  The  energy  enhancement  is  defined  as  the  ratio  between  the  amount  of  laser  pulse  energy,  which  is 
transmitted  through  the  mask  with  and  without  the  enhancer  mirror.  It  is  assumed  for  both  of  the  simulation  series,  that 
all  of  the  mirror  components  (enhancer  mirror,  mask  mirror  and  mask)  have  the  same  reflectivity  R. 

Figure  2.a  shows,  that  the  energy  efficiency  may  be  improved  with  a  factor  of  2  -  4  for  typical  mask  transmittances 
between  10  -  40%. 
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Note  that  the  experimental  results  are  positioned  between  the  two  simulation  series,  which  have  reflectivities  between 
98%  and  100%.  We  measured  a  reflectivity  of  98.5%  for  the  A1  99.5  used  to  manufacture  the  enhancer  mirror  and  mask 
mirror,  and  it  is  reasonable  to  assume,  that  the  BeCu  masks  have  the  same  reflectivity  as  pure  Cu  (98%').  Consequently 
good  accordance  between  experiments  and  simulations  is  found  from  Figure  2.a. 

Figure  2.a  likewise  illustrates,  that  little  is  gained  by  trying  to  improve  the  reflectivity  of  the  mirror  components,  unless 
the  mask  transmittance  is  small  (below  20  %). 
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Figure  2.  a)  Energy  enhancement  as  a  function  of  mask  transmittance,  simulated  and  experimental  results, 
b)  Normalised  energy  on  workpiece  as  a  function  of  mask  transmittance,  simulated  results 


Please  note  that  even  though  the  energy  enhancement  is  inversely  proportional  to  the  mask  transmittance,  this  does  not 
imply  that  the  mask  transmittance  should  be  minimised.  On  the  contrary  -  the  amount  of  energy  received  at  the 
workpiece  will,  of  course,  always  be  proportional  to  the  mask  transmittance. 

Figure  .2..b  illustrates  how  the  energy  on  the  workpiece  is  proportional  to  the  mask  transmittance.  This  energy  is 
normalised  with  respect  to  the  total  pulse  energy  subtracted  by  the  “waste  energy”.  The  “waste  energy”  (this  energy  is 
lost  in  conventional  MBLMPS)  is  the  part  of  the  beam,  which  initially  hits  outside  the  mask.  Introducing  the  enhancer 
means  that  this  “waste  energy”  will  contribute  to  the  energy  enhancement,  and  consequently  that  the  fitting  of  the  size 
and  shape  between  the  beam  and  mask  is  much  less  critical. 

The  standard  mask  material  in  industry  today  is  stainless  steel,  as  it  is  cheap,  strong  and  has  a  good  stability  of  shape. 
However,  the  reflectivity  is  not  as  good  as  for  BeCu.  The  dependence  of  the  energy  enhancement  upon  the  mask 
material  reflectivity  Rmask  is  shown  in  Figure  3.  In  the  simulations  it  is  assumed  that  the  reflectivity  of  the  enhancer 
mirror  and  mask  mirror  is  98%. 


Figure  3  Energy  enhancement  as  a  function  of  mask  transmittance  for  various  mask  reflectivities  (Rmask),  simulated 
results. 
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Once  again  the  general  rule  is  applicable  that  the  lower  the  mask  transmittance  the  more  critical  is  the  choice  of 
materials  (reflectivities).  Stainless  steel  has  a  reflectivity  ai-ound  90%.  Consequently  it  follows  from  Figure  3,  that  for 
mask  transmittances  higher  than  20%  the  difference  in  the  energy  enhancement  is  less  than  10%  for  the  two  mask 
materials. 


5.  IMAGk  QUALITY 

The  set-up  used,  is  designed  for  use  as  laser  marking.  Thus  a  mark  is  considered  as  good  quality,  if  it  is  clear  and 
readable.  Earlier  versions  of  the  energy  enhancer  suffered  from  a  non  uniform  illumination  of  the  mask,  typic^ly 
resulting  in  marks  with  low  conti'ast  near  the  edges  (due  to  lack  of  light  intensity),  and  sometimes  smearing  in  the  centre 
part  (because  of  too  high  a  light  intensity).  Figure  4  demonstrates  how  such  problems  have  now  been  eliminated. 


Figure  4  Marks  obtained  with  and  without  the  enhancer,  for  3  different  image  magnifications:  M  =  0.82,  0.66  and  0.50. 
The  left  mark  of  each  pair  is  produced  with  the  enhancer  and  the  right  mark  without  it. 

Since  the  mai*ks  in  Figure  4  are  clear  and  readable,  they  demonstrate  that  one  simple  imaging  lens  is  sufficient  to  obtain 
the  image  quality  necessary  for  laser  marking.  Using  the  enhancer  results  in  a  larger  beam  divergence  after  the  mask.  In 
general,  this  fact  decreases  the  image  quality  (since  the  numerical  aperture  is  increased),  but  for  laser  marking  purposes 
not  in  a  ruining  way. 

The  beam  divergence  may  be  a  problem  for  applications  where  large  demagnifications  and  thus  small  image  abeirations 
are  needed,  e.g.  hole  drilling  and  micromachining.  This,  however,  remains  to  be  investigated  in  depth. 


6.  CONCLUSIONS 

We  have  presented  a  device  called  an  energy  enhancer,  which  is  capable  of  improving  the  energy  efficiency  of  typical 
MBLMPS  with  a  factor  of  2  -  4  for  typical  mask  transmittances  between  10  -  40%.  We  have  developed  a  simulation 
model  and  demonstrated  good  accordance  with  experimental  results.  Several  applications  of  MBLMPS,  where  the 
energy  enhancer  may  be  very  beneficial,  have  been  described  and  analysed. 
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ABSTRACT 

The  results  of  the  investigation  of  the  beam  quality  in  the  high  -  power  industrial  CO2  laser  generating  in  the 
10  kW  range  are  presented.  As  a  result  of  these  investigation,  a  scheme  of  the  modified  stable  -  unstable  resonator 
is  proposed,  that  uses  only  reflective  mirrors.  In  this  scheme,  the  plane  of  the  unstable  telescopic  resonator  is 
transverse  to  the  flow  in  the  discharge  chamber.  In  the  plane  parallel  to  the  electrodes  this  scheme  represents  a 
single  -  mode  stable  resonator.  High  efficiency  of  this  resonator  and  high  bean  quality  have  been  pointed  out. 


The  acuteness  of  the  problem  of  laser  beam  quality  is  closely  connected  to  beam  power  level.  It  is  especially 
difficult  to  get  the  single-mode  beam  of  fast-transverse  flow  industrial  lasers  in  the  range  above  1 .5  kW.  In  these 
lasers  it  is  difficult  to  attain  the  complete  c'^  ’-^ling  of  the  optical  system  with  the  gas  discharge  chamber  (GDC) 
because  m  this  case  the  interelecrrode  distan  onsiderably  exceeds  the  cross  size  of  the  lowest  mode  of  the  stable 
resonat  > 

iowever  with  high  beam  powers  the  wavefront  aberrations  increase,  both  the  linear  and  non-lii  ones. 
The  general  approach  to  the  problem  of  high  beam  quality  and  stability  consists  in  localisation  of  the  reasons  for 
wavefi'ont  aberrations  ,  then  all  the  necessary  steps  to  eliminate  them  are  undertaken,  and  finally  the  high  space 
selection  resonator  schematic  properly  coupled  with  the  GDC,  should  be  chosen. 

The  steps  of  elimination  of  the  wavefront  aberrations  consist  in  compensation  of  large-scale  aberrations  by 
a  system  of  automatic  self-adjustments.  As  for  small-scale  aberrations  due  to  gas  flow  turbulence  ,it  was  f^’ind  that 
they  are  negligible  in  comparison  to  large-  scale  aberrations  for  beam  powers  up  to  10  kW. 

Thermal  deformations  of  the  semi-transparent  coupling  mirror  have  a  decisive  role  in  the  deterioration  of 
single  -mode  beam  generation.  This  is  the  reason  for  the  power  restriction  of  gaussian  beams  generation  in  stable 
resonators. 

The  beam  power  range  of  5  kW  and  above  can  be  afforded  by  fast  -transverse  flow  lasers  with  a  DC-GDC 
containing  the  segmented  cathodes.  As  a  rule,  these  lasers  are  provided  with  telescopic  imstable  resonators  [1,2], 
Thus,  the  industrial  TL5M  CO2  laser  developed  at  the  NICTL  uses  the  discharge  chamber  with  segmented 
electrodes  and  60.. .70  mm  discharge  gap.  The  active  gas  mixture  N2:  He:  CO2  in  the  ratio  10  :  10  ;  1  i  i  wing 
through  the  discharge  chamber  under  5,5  kPa  total  pressure.  The  electric  power  input  into  discharge  reaches  .:)0  kW 
[3]. 

As  the  resonator,  a  telescopic  5-pass  unstable  resonator  with  M=2  magnification  factor  is  used.  The  output 
beam  has  the  form  of  a  ring  with  55  mm  outer  diameter. 

The  measurement  of  this  laser  focused  beam  profile  showed  (Fig.l)  that  along  with  the  narrow  kern,  there 
exists  rather  energy-  intensive  environment  (pedestal)  that  contains  more  than  a  half  of  the  total  beam  power.  The 
total  divergence  therewith  approached  1  mrad. 

Tbjs  is  the  reason  why  we  have  proposed  and  used  a  special  scheme  of  the  optical  resonator  [4].  It  has  the 
properties  of  an  unstable  telescopic  resonator  only  in  the  plane  perpendicular  to  the  electrode  walls,  and  it  is  stable 
in  the  plane  parallel  to  these  walls  (Fig.3,  7),  as  opposed  to  the  known  schematic  of  the  stable  -  unstable  resonator 
wherein  the  plane  of  the  unstable  resonator  is  parallel  to  the  electrodes,  and  the  plane  of  the  stable  resonator  is 
perpendicular  to  the  gas  flow  and  electrodes  [  5]. 

The  resonator  includes  two  end  mirrors  ,one  of  them  is  spherical  and  another  is  cylindrical  .The  generatix  of  the 
cylindrieal  mirror  is  parallel  to  the  electrode  walls.  This  resonator  allowed  to  increase  the  far-field  beam  intensity 
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Fig.  1.  Far-field  beam  intensity  profile  of  the  unstable 


by  a  factor  of  2-3  in  comparison  to  an  ordinary  telescopic 
resonator.  One  of  the  very  important  advantages  of  the 
“stable-unstable”  resonator  is  a  good  space  coupling  of  the 
resonator  and  GDC  volumes.  The  geometry  of  the  optical 
folding  of  this  resonator  takes  into  consideration  the  optimal 
utilisation  of  gas  discharge  zones,  being  not  included  into  the 
volume  of  the  laser  optical  field.  This  became  possible  due  to 
the  flow  of  the  excited  gas. 

The  two  schemes  of  the  modified  stable  unstable 
resonator  have  been  used. 

One  of  them  is  the  design  with  the  unilateral  beam 
output  in  the  plane  of  the  unstable  resonator  (Fig.3).  In  this 
case,  only  the  lowest  gaussian  mode  of  the  stable  resonator 
was  selected  by  the  output  mirror  that  served  as  a  diaphragm. 
The  principal  mode  size  in  our  case  was  approximately  12 
mm  by  1/e^  level. 

The  unstable  resonator  axis  was  located  close  by  one 


telescopical  resonator,  M— 2,  F— 700  mm.  .jjjg  electrode,  the  resonator  caustic  accounted  for  50  mm, 

_ Output  beam  diameter  -  55  mm. _  output  beam  size  was  20  mm.  As  the  practical 

applications  require  the  compact  beam,  so  we  have  to  use  the 
resonator  with  1.5<M<2  magnification.  The  output  power  of  the  laser  employing  the  modified  stable-unstable 
resonator  was  achieved  to  be  7  kW,  i.e.  no  marked  decrease  in  efficiency  was  practically  observed. 

In  the  near-  field  region  the  beam  intensity  had  the  gaussian  profile  in  the  plane  parallel  to  the 


electrodes  and  the  rectangular  one  in  the  plane 


perpendicular  to  it.  With  growth  of  output  power  increase 
of  Ae  size  of  a  beam  in  a  plane  of  the  stable  resonator 
up  to  20  mm  and  increase  of  curvature  of  wavefi'ont  only  in 
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a  !ane  of  the  unstable  resonator  was  observed  [Fig.  5  .]. 

Tiiis  effect  is  caused  by  thermal  deformation  of  mirrors  of  the  resonator.  The  beam  intensity  profile  in  the  lens  focus 
was  very  much  like  the  gaussian  ( the  difference  was  less  then  10  %  ,  Fig. 2).  The  divergence  by  1/e^  level  from  the 
intensity  maximum  was  only  0.65  mrad  ( Fig.4). 

Another  design  under  study  was  the  modified  stable-unstable  resonator  with  the  bilateral  output  (Fig,7). 

This  scheme  is  of  interest  when  very  large  magnification  (M=4...10...)  is  used.  As  the  resonator  transparency  in  our 
case  is  described  by  the  factor  t  =  1-1/M,  but  not  by  to  to=l-l/M^,  as  in  the  usual  unstable  resonator,  the  efficiency 
of  the  stable-unstable  resonator  with  M  =  16  can  be  expected  the  same  as  in  the  usual  unstable  resonator  where 
M=4. 


Fig.6.  Far-field  beam  intensity  profile  of  the 
stable-  unstable  resonator  with  bilateral 
beam  output.  M  =  4,  F  =500  mm. 


Near  field  beam  cross-section  is  20  x  70  mm^ 


Anode 


Fig.7.  Stable  -  unstable  resonator  scheme  with 
bilateral  beam  output. 
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This  permits  to  obtain  the  output  beam  of  restangular  section, 
and  in  the  far  field  the  profile  close  to  gaussian  is  achieved  in  both  the 
planes.  The  obtained  beam  is  then  transformed  to  the  circular  section  by 
the  use  of  two  cylindrical  mirrors.  The  advantage  of  the  schematic  with 
the  bilateral  output  is  the  substantially  lows  intensity  of  the  beam  falling 
to  the  resonator  mirrors,  as  well  as  to  the  output  window,  thus  resulting 
in  smaller  aberrations  of  optical  components. 

The  further  improvement  of  the  beam  quality  is  possible  when 
changing  to  the  scheme  of  the  self-filtering  stable-unstable  resonator 
(Fig.8). 

In  conclusion  we  would  like  to  underline,  that,  at  our  opinion,  the 
transverse  flow  high  beam  quality  industrial  C02-laser  with  beam  power 
range  1.5  -r  5  kW,  there  should  used  the  modified  “stable-unstable” 
resonator  with  unilateral  beam  output  scheme.  In  this  case  of  5  -r  10  kW 
beam  power,  there  should  be  used  the  same  resonator  but  with  bilateral 
beam  output  scheme  and  subsequent  beam  compactisation. 
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ABSTRACT 


Continuously  tunable  output  in  the  mid* infrared  was  generated  via  four-wave  mixing  in  a  parahydro¬ 
gen  Raman  cell.  Continuously  and  line  tunable  CO2  master  oscillator  power  amplifier  chains  produced 
the  10  micron  input  for  the  Raman  cell. 

Keywords:  CO2  laser,  four-wave  mixing,  stimulated  Raman  scattering. 


1  INTRODUCTION 


Four-wave  mixing,  based  on  stimulated  Raman  scattering  (SRS),  allows  for  the  efficient  generation 
of  tunable  output  in  the  mid-infrared.  Four-wave  mixing  involving  two  different  input  beams  and  based 
on  SRS  was  first  achieved  by  Giordmaine  and  Kaiser  in  calcite.^  Harris  and  Byer^  proposed  utilizing 
four-wave  mixing  to  achieve  a  tunable  IR  source.  Sorokin  et  al^generated  line  tunable  radiation  in 
the  mid-infrared  using  four-wave  mbcing  between  the  pulses  of  a  Ruby  laser  and  a  CO2  laser.  Line 
tunable  output  was  achieved  by  tuning  the  frequency  of  the  CO2  laser.  Gilbert  et  al"^  and  Giorgi  et. 
al.^used  four  wave  mixing  between  two  CO2  lasers  to  produce  line  tunable  output  in  the  mid-infrared 
region.  In  this  report  the  generation  of  continuously  tunable  output  in  the  mid-infrared  region  utilizing 
four-wave  mixing  between  continuously  and  line  tunable  CO2  laser  pulses  is  reported.  A  similar  system 
was  reported  by  Tashiro  and  Nemoto.® 


2  THEORETICAL  BACKGROUND 


Let  Elp  and  El5  be  the  complex  electric  fields  associated  with  the  line  tunable  pump  and  Stokes 
frequencies  and  Ecp  and  Eos  that  associated  with  the  continuous  pump  and  Stokes  wavelengths.  Using 
the  slowly  varying  amplitude  approximation  the  coupled  mode  equations  can  be  written  as*^ 

-^XR  (\ELsf  Elp  +  EcpEhsELse'^’^^) 

{^Elp^  ELs  +  E*apEcsELPe-'^’^^) 

-i^XR  {\Ecs?EcP+Ej^pElsEcse^’^^) 

+^XR  {\Ecpf  Ecs  +  ElpEj^sEcpe-'^'^^) 

Here  the  are  the  radial  frequencies  of  the  respective  electric  fields,  the  s  the  Raman  non-linear 


dz 

dz 

dJSfjp  _ 

dz 

dBcs  _ 

dz 
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susceptibilities  and  the  n’s  the  refractive  indices  of  the  respective  fields.  In  the  above  four  equations 
the  first  term  in  brackets  is  the  stimulated  Raman  scattering  term  and  the  second  term  in  brackets  is 
the  four  wave  mixing  term.  If  the  equation  for  the  continuous  Stokes  Eos  is  investigated,  it  can  be 
seen  that  the  four-wave  mixing  term  is  proportional  to  the  product  of  the  fields  of  the  line  tunable 
laser  Elp,  the  Stokes  generated  by  the  line  tunable  laser  E^^r  as  well  as  the  continuous  tunable  laser 
field  Ecp-  The  four- wave  mixing  part  for  the  generation  of  continuously  tunable  Stokes  output  can  be 
written  as 


Ecs  =  ElpEj^sEcpe-'^^^ 


Thus  if  the  line  tunable  system  (Ej^p)  is  powerful  enough  to  generate  a  Stokes  output  beam  (E^^), 
via  stimulated  Raman  scattering  and  a  continuously  tunable  pump  beam  is  present  then  the  contin¬ 
uous  tunable  Stokes  pulse  (Ecs)  will  also  be  generated  via  the  four-wave  mixing  process.  Therefore, 
continuously  tunable  10  micron  pulses,  which  are  individually  below  the  Raman  threshold,  could  be 
converted  to  Stokes  pulses  with  this  method.  Requirements  for  this  is  that  the  line  and  continuously 
tunable  pump  pulses  overlap  in  space  and  time,  the  line  tunable  system  must  be  over  the  Raman 
threshold  and,  furthermore,  the  phase  mismatch  Afc  must  be  small.  The  phase  matching  condition  can 
be  written  as  (co-linear  propagation): 

^LP  J  \^CP  ^CSj 

If  it  is  assumed  that  the  difference  in  refractive  index  for  the  different  pump  beams  is  small  then 
AA:  will  be  small. 


3  EXPERIMENTAL  CONFIGURATION  AND  RESULTS 

3.1  Generation  of  the  pump  laser  pulses 


Line  tunable  10  micron  pulses  were  produced  by  one  atmosphere  transversely  excited  CO2  lasers. 
Single  longitudinal  mode  operation  was  obtained  by  injection  seeding  of  these  lasers  with  a  frequency 
stabilized  CW  CO2  laser.  A  chain  of  amplifiers  increased  the  output  of  the  oscillator  to  more  than  2 
J.  The  long  optical  path  length  that  the  beams  have  to  travel,  through  the  amplifiers  as  well  as  the 
multi-pass  Heriot  cell  used  for  Raman  conversion,  necessitated  a  high  beam  quality.  This  was  ensured 
by  an  intra-cavity  variable  aperture.  The  measured  of  the  oscillator  was  less  than  1.3. 

Continuous  tunability  was  obtained  by  utilizing  the  pressure  broadening  of  CO2.  This  continuously 
tunable  MOPA  chain  consisted  of  an  oscillator  with  a  three  mirror  resonator  with  the  grating  in 
near  grazing  incidence  and  an  amplifier  that  was  double  passed.  Because  the  electrode  spacing  was 
too  small  to  enable  the  use  of  a  geometric  double  pass  scheme  a  polarization  flip  double  pass  was 
used.  The  grazing  incidence  grating  prevented  gain  pulling  and  it  ensured  a  narrow  bandwidth.  A 
partial  reflector  was  installed  to  increase  the  effective  reflectivity  of  the  grating  and  an  intra-cavity 
variable  aperture  was  installed  to  ensure  close  to  TEMqo  operation.  A  low  pressure  CW  CO2  laser 
with  wavelength  stabilization  provided  a  reference  wavelength  by  combining  its  output  with  the  zero 
order  of  the  grazing  incidence  grating.  This  ensured  that  the  wavelength  of  the  laser  could  be  monitored 
continuously  without  disturbing  its  output.  Bandwidth  measurements  were  done  with  a  Ge  wedged 
etalon  in  combination  with  a  pyroelectric  array  detector.  Beam  quality  measurements  were  carried  out 
by  a  modified  scanning  slit  method. 


Gain  pulling  to  the  different  CO2  lines  were  observed.  However,  because  the  wavelength  was  con¬ 
tinuously  measured,  the  tuning  linearity  was  not  important  for  this  application.  The  bandwidth  mea¬ 
surements  were  done  with  the  grating  of  the  oscillator  tuned  to  a  position  between  the  normal  CO2 
R-lines.  The  measured  bandwidth  of  the  laser  was  less  than  l.lGHz.  The  mode  spacing  of  this  laser 
was  90MHz,  thus  between  8  and  11  modes  were  lasing  simultaneously. 

The  lifetime  of  the  CO2  in  the  continuously  tunable  laser  was  increased  by  a  catalyst.  In  tests  of 
the  long  term  operation  of  the  laser  with  the  catalyst,  at  a  laser  pulse  repetition  rate  of  20  Hz,  the 
energy  dropped  to  80%  of  its  starting  value  within  20  minutes  and  it  was  kept  constant  at  this  value  for 
a  period  of  180  minutes,  thus  approximately  2.2x10^  pulses,  at  which  stage  the  test  was  terminated. 
The  value  of  the  continuously  tunable  oscillator  was  better  than  1.3.  . 


3.2  Four-wave  mixing 


The  experimental  four- wave  mixing  configuration  is  shown  in  figure  1.  The  output  of  the  continu¬ 
ously  and  line  tunable  lasers  were  combined  on  a  grating  and  were  then  circularly  polarized  to  increase 
the  Raman  gain  and  to  prevent  the  generation  of  anti-Stokes  radiation.  The  combined  pulses  pumpo  i 
a  multiple  pass  Heriot  type  cell.  A  master  timer  system  synchronized  the  pulses  in  time  .  The  Herit  t 
cell  was  filled  with  parahydrogen  and  cooled  by  liquid  Nitrogen  to  a  temperature  of  77  K.  A  gratin*; 
situated  after  the  Raman  cell  separated  the  four  output  beams.  The  energy  of  each  was  measured 
by  a  pyro-electric  energy  meter  and  time  evolution  was  measured  with  a  photon  drag  detector.  The 
halfwidth  of  both  the  Stokes  pulses,  as  measured  by  the  photon  drag  detector,  was  approximately  40  ns. 
The  conversion  efficiency  for  the  line  tunable  system  was  better  than  20  %  and  that  of  the  continuously 
tunable  system  better  than  2.5%.  Better  conversion  efficiency  for  the  continuously  tunable  system  can 
be  expected  if  the  temporal  overlap  between  the  continuously  tunable  pulses  and  the  line  tunable  pulses 
were  better.  The  half  width  of  the  continuously  tunable  system  was  approximately  three  times  that  of 
the  line  tunable  system.  An  advantage  of  these  long  pulses  is  that  the  influence  of  the  relative  time 
jitter  between  the  laser  pulses  is  smaller  than  would  be  expected  if  the  continuously  tunable  pulses 
were  shorter.  A  typical  16  micron  output  pulse,  as  measured  with  a  photon  drag  detector,  is  shown  in 
figure  2. 

Contimousty  tunable 
CO:!  Loser  system 

Osc  j/  <  AJnp  — . I 


puhes 


Figure  1:  Four-wave  mixing  experimental  configuration 
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4  CONCLUSION 


Continuously  tunable  mid-infrared  laser  pulses  were  generated  via  four-wave  mixing  and  stimulated 
Raman  scattering.  The  output  of  two  10  micron  CO2  laser  chains  pumped  a  parahydrogen  filled  multi- 


Figure  2:  Typical  output  Stokes  pulse  as  measured  with  a  photon  drag  detector.  Left  is  the  line  tunable 
and  right  is  the  continuously  tunable  pulse.  The  timescale  was  50  ns/div  and  the  amplitude  scale  10 
mV/div. 

pass  Heriot  type  Raman  cell.  Continuous  tunable  10  micron  pulse  were  produced  by  utilizing  pressure 
broadening  in  a  CO2  laser.  The  system  produced  line  as  well  as  continuously  tunable  mid-infrared 
output  pulses.  Long  term  operation  of  the  system  was  obtained  with  a  closed  loop  gas  flow  system  and 
a  catalyst. 
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ABSTRACT 

An  influence  of  different  parameters  such  as  gas  pressure,  specific  input  energy,  laser  mixture  content,  intensity  ratio  for 
probe  and  co-propagating  pumping  wave,  coherency  and  geometry  etc.  upon  characteristics  of  phase  conjugation  (PC)  signal 
and  PC  reflectivity  (PCR)  at  intracavity  degenerate  four-wave  mixing  (DFWM)  of  long  pulse  CO2  and  CO  lasers  radiatic  u  in 
their  inverted  medium  has  been  studied. 

Key  words:  CO2  laser,  CO  laser,  e-beam  controlled  discharge,  phase  conjugation,  four-wave  mixing,  active  medium. 

1.  INTRODUCTION 


The  DFWM  technique  seems  to  be  more  suitable  for  PC  of  high  power  (HP)  CO2  and  CO  lasers  radiation.  However,  the 
usage  of  semiconductors  and  liquids  as  PC  mirrors  for  HP  CO2  (CO)  lasers  can  be  strongly  restricted  on  account  of  heating 
and  feasibility  of  destroying  a  nonlinear  medium  itself.  The  active  medium  of  gas  lasers,  Miich  can  be  removed  fi'om  an 
interaction  region  very  rapidly,  might  appear  to  be  the  best  PC  mirror  for  HP  pulsed  and  repetitively  pulsed  CO2  (CO)  lasers 
(in  particular  for  e-beam  controlled  discharge  (EBCD)  lasers,  operating  in  long  pulse  mode:  -10-50  ps  for  CO2  and  -100- 
1000  ps  for  CO  laser). 


For  the  first  time  PC  signal  at  DFWM  inside  active  medium  was  experimentally  observed  in  ^  for  short  laser  pulse 
('Tout  <0.2  ps)  and  was  connected  with  resonance  (amplitude)  mechanism  of  creating  diffraction  grating  of  saturated  gain  in 
inverted  medium.  A  backscattered  signal  observed  in  with  very  high  reflectivity  of -30-50%  and  PC  signal  with  PCR  of 
0.2%  for  long  pulse  CO2  laser  were  connected  only  with  a  thermal  mechanism  of  creation  of  phase  diffraction  grating  of 
refractive  index.  We  demonstrated  in  that  the  two  mechanisms  can  be  responsible  for  PC  process  in  active  medium  of  CQ2 
laser,  PCR  being  2%  for  CO2  laser  and  0.2%  for  CO  laser.  The  objective  of  the  paper  is  to  understand  the  influence  of 
different  laser  parameters  on  PCR  and  on  the  contribution  of  each  PC  mechanism  in  active  medium  of  CO2  and  CO  laser. 


2.  EXPERIMENTAL  LASER  INSTALLATION 


The  experiments  were  carried  out  on  EBCD  CO2  (CO)  laser  with  active  length  of  120cm.  CO  laser  operated  at  gas 
temperature  of  lOOK.  Gas  density  varied  between  0.1  and  0.8  Amagat.  The  laser  resonator  length  varied  between  3.0  and 
18.0  m.  The  laser  beam  waist  on  the  output  coupler  was  10-15  mm.  The  diffraction  grating  was  used  in  case  of  frequency 
selected  resonator.  CCh  laser  operated  on  P(20)  line  of  10.6pm  band.  The  wavelength  of  CO  laser  can  be  selected  within  wide 
spectral  range  of  4.9-6.6pm.  The  probe  beam  E3  was  directed  to  the  active  medium  under  the  interaction  angle  of  10-40  mrad 
(Fig.l).  Backscattered  signal  E4  was  detected  by  photodetectors  with  response  time  of  0.5  ps  and  calorimeters. 

3.  EXPERIMENTAL  RESULTS 


Existence  theorem.  Because  of  a  discrepancy  between  experimental  results  for  reflectivity  obtained  in  we  paid  a  great 
attention  to  evidence  of  PC  signal  observed.  The  time  history  of  backscattered  signal  differed  from  probe  one  does  not  seem 
to  be  any  evidence  of  PC  signal,  for  there  is  a  good  condition  for  parasitic  oscillation  (with  quite  different  temporal  profile)  in 
channel  of  the  wave  E3  due  to  small  interaction  angle  and  a  feasibility  of  injection  of  laser  radiation  from  channel  of  wave  Ei. 
The  restoration  of  an  optical  image  in  near  field  and  an  angular  divergency  in  far  field  ^  is  an  reliable  evidence  of  PC  process, 
though  is  fairly  complicated  on  account  of  application  of  expensive  IR  vidicon  camera.  Thus  we  also  carried  out  the 
polarization  test,  ^\hich  proved,  at  least,  the  existence  of  diffraction  grating  in  active  medium.  The  plane  of  polarization  for 
the  probe  signal  was  rotated  at  90  with  respect  to  the  pumping  wave  (Fig.l).  There  was  practically  no  useful  backscattered 
signal  (S/N-1).  In  case  of  the  same  polarization  for  probe  and  intracavity  waves  a  signal/noise  ratio  was  S/N=100. 

Parametric  study  for  CO2  laser .  There  is  a  lot  of  laser  parameters  which  affect  the  PC  process  by  influencing  upon  small 
signal  gain  (SSG),  saturation  intensity  etc.  Tliese  parameters  have  strong  effect  on  temporal  behaviour  of  PC  and  PCR 
signals,  that  reflects  the  relative  contribution  of  resonance  and  thermal  mechanisms.  It  can  be  seen,  for  instance,  from  Fig. 2 
a  relative  small  contribution  of  amplitude  mechanism  characterized  ^  by  projection  at  the  front  (upper  trace)  and 
approximately  equal  contribution  for  both  mechanisms  (bottom  trace)  entirely  separated  from  each  other. 

The  dependence  of  PCR  (on  energy)  on  specific  input  energy  (SIE)  for  various  gas  pressures  is  presented  in  Fig. 3.  The 
experimental  data  strongly  differ  from  theoretical  ones  being  extremely  less.  One  can  see  from  Fig.4  that  SIE  rise  leads  to  a 
decrease  of  rear  of  PCR  pulse,  i.e.  to  a  decrease  of  relative  role  of  the  thermal  mechanism 
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An  alteration  of  Q  factor  of  laser  resonator  results  in  changing  time  delay  of  laser  pulse  itself,  and  also  its  length,  profile 
and  intensity.  The  relative  contribution  of  the  amplitude  mechanism  increases  due  to  the  effect  of  lasing  switching  on  at 
higher  SSG.  The  maximal  PCR  shifts  towards  the  pulse  tail  (Fig.5)  with  a  decrease  of  Q  factor,  PCR  (on  energy)  being  1.2- 
1.5  times  higher  as  compared  to  that  obtained  for  high  Q  factor.  ^ 

Gas  pressure  rise  leads  to  an  increase  of  PCR  (Fig.6),  but  not  so  rapidly  as  it  follows  from  the  theory  which  predicts 
approximately  square  PCR  rise  with  gas  pressure.  The  temporal  profiles  for  PC  and  PCR  pulses  (Fig.  7)  demonstrate  that 
there  is  PCR  rise  in  the  rear  of  the  pulse  that  indicates  the  accumulation  of  thermal  grating  with  a  decrease  of  laser  intensity. 
By  comparing  front  and  rear  of  PC  and  PCR  signals,  one  can  conclude,  that  thermal  mechanism  prevails  over  the  amplitude 
one  for  higher  pressures. 

An  increase  of  partial  pressure  for  nitrogen  leads  also  to  PCR  rise  (Fig.  3).  The  reason  seems  to  be  a  decrease  of  relaxation 
rate  for  vibrational  energy  and  a  decrease  of  heat  liberation  power  in  active  medium.  The  maximal  PCR  reached  1.5%  for 
laser  mixture  C02:N2:He=l:2:4  (p=0.4atm)  and  2.8%  for  1:5:3  (p=0.28atm).  The  usage  of  the  mixture  with  high  nitrogen 
content  leads  to  separation  in  time  of  two  mechanisms  of  nonlinearity  (Fig.2) 

The  PCR  increases  rapidly  when  decreasing  an  interaction  angle  (Fig.6)  on  account  of  geometrical  rise  of  interaction 
length.  The  best  results  on  PCR  were  obtained  at  8=10mrad.  When  using  smaller  angle  of  5mrad  a  strong  background 
radiation  with  intensity  comparable  with  PC  signal  was  observed.  Apart  from  interaction  angle  the  different  geometrical 
parameter  or  optical  delay  between  probe  and  co-propagating  wave  affects  the  PCR.  While  increasing  it  up  to  a  half  of 
resonator  length  PCR  decreases  1.2- 1.5  times.  If  increasing  it  up  to  resonator  length,  PCR  was  one  fifth-one  tenth  as  much  as 
that  obtained  for  zero  delay. 

Some  laser  parameters  such  as  a  degree  of  linear  polarization,  spectral  range  (9.6  or  10.6pm)  do  not  influence  upon 
characteristics  of  PC  process. We  studied  also  in  far  field  with  IR  vidicon  camera  an  influence  of  I1/I3  ratio  on  PCR  and 
optical  quality  of  PC  process,  the  latter  being  defined  as  a  ratio  of  angular  divergencies  for  probe  and  PC  signal  Oprobe/^pc- 
One  can  see  from  Fig.  8  that  in  the  whole  range  of  the  ratio  I1/I3  the  peak  PCR  (defined  in  the  maximum  of  IR  distribution  in 
far  field)  lies  within  the  interval  0.6-1. 2%  and  reaches  its  maximal  value  at  Ii/l3~15.  The  optical  quality  is  changed  from  0.8 
to  1.3  and  has  its  minimum  at  the  same  ratio  being  altogether  an  inversion  of  the  dependence  for  PCR. 

Parametric  study  for  CO  laser.  For  the  first  time  we  studied  PC  process  at  DFWM  for  frequency  selected  CO  laser.  Data 
for  EBCD  CO  laser  operating  within  spectral  region  with  spectral  width  of  15cm'^  and  central  lines  of  Pio-9(14)  (X=5.39pm) 
and  P8.7(14)  (^=5.25pm)  are  presented  in  Fig.9.  The  SIE  does  not  seem  to  affect  the  PCR  for  CO  laser  strongly,  as  in  case  of 
CO2  laser  (Fig.9  and  Fig. 3).  The  dependencies  of  PCR  on  gas  density  (Fig.9)  has  different  behaviour  for  different  spectral 
lines.  For  instance,  gas  density  rise  leads  to  gradual  increase  of  PCR  up  to  0.8%  (PCR  on  intensity)  at  N=0.5Amagat  for 
Pio-9(14)  line.  For  other  line  P8-7(14)  the  dependence  had  different  behaviour  reaching  its  maximum  at  N=0.2Amagat  and 
decreasing  when  increasing  gas  density.  The  typical  temporal  behaviour  for  probe,  PC  and  PCR  pulses  (SIE=300J/1  Amagat, 
X=5.39pm)  is  presented  in  Fig.  10.  One  can  see  that  maximal  peak  value  of  PCR  (on  intensity)  is  at  front  of  laser  pulse.  The 
maximal  value  is  approximately  twice  as  much  as  that  of  averaged  value  of  PCR  (on  energy).  PCR  decreases  nearly 
proportional  to  the  intensity  of  the  probe  wave  falling  down  towards  the  end  of  the  laser  pulse.  That  behaviour  is  quite 
different  from  that  of  CO2  laser  and  can  be  connected  with  noninertial  PC  mechanism,  i.e.  resonance  one.  A  contribution  of 
the  thermal  mechanism  seems  to  be  very  low  for  CO  laser,  that  is  in  agreement  with  theory 

4.  DISCUSSION 

Parametric  study  of  PC  process  demonstrated  that  experimental  data  for  PCR  of  CO2  laser  were  of  the  order  of  magnitude 
less  than  theoretical  ones.  Temporal  characteristics  demonstrated  that  two  principal  mechanisms  (amplitude  and  phase  ones) 
which  are  responsible  for  PC  process  have  a  comparable  contribution  to  PC  reflectivity,  that  also  contradicts  the  theory 
having  predicted  the  phase  mechanism  is  to  be  prevailed  one  over  the  amplitude  mechanism,  in  particular  at  higher 
pressures.  An  analysis  of  temporal  behaviour  of  PC  and  PCR  signals  suggests  that  there  are  some  reasons  which  prevent  the 
thermal  mechanism  from  operating  strongly.  These  reasons  manifest  themselves  when  increasing  laser  intensity  and  could  be 
connected  with  laser  induced  medium  perturbation,  which  on  the  one  hand,  creates  regular  phase  grating  due  to  DFWM 
applied,  and  on  the  other  hand,  destroys  the  same  grating  via  optical  disturbances  of  active  medium.  In  case  of  CO  laser  the 
thermal  mechanism  has  a  weak  influence  upon  the  PC  process,  the  amplitude  one  being  prevailed  over  it. 

5.  CONCLUSIONS 

The  influence  of  laser  parameters  upon  characteristics  of  PC  and  PCR  signals  at  DFWM  of  long  pulse  CO2  and  CO  laser 
radiation  has  been  studied  experimentally,  the  PCR  (on  energy)  being  up  to  -3%  for  CO2  laser  and  0.5%  for  CO  laser.  The 
relative  role  of  resonance  and  thermal  mechanism  of  PC  process  has  been  studied  for  both  lasers.  A  comparison  of 
experimental  and  theoretical  data  demonstrates  a  disagreement  between  them.  A  theory  should  be  developed  taking  into 
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Fig-1-  Optical  i  ieme for  DFWM  experiiiieiits  and  Fig.2.  Probe,  PC  &  PCR  signals.  p=0.28atm,  C02;N2:He=l:2:4, 

polarization  test.  ._i20J/l’atm  (a)  and  1:5:3.  SIE  --280J/I  atm  (b). 
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Flg.3.  Tlie  dependence  of  PCR  (on  energy)  upon  SIE:  p=0.28atm. 
Experiment  (a)  C02:N2:He=I:2:4(X),  1:5:3(A),  r  =46%. 
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_ Time,  _ 

Fig.4.  Probe,  PC  &  PCR  signals:  p=0.28atni,  C02:N2;llo-l:2:4, 
SIE  -190  J/l  atm  (a);  280  J/l  aim  (b). 


llieory  (b)  1:2:4. 


Fig.5.  Probe,  PC  Sc 
PCR  signals  for 
different  output 
couplers  with 
r=65%  (a); 
r=45%  (b); 
r=7.5%(c) 


Fig.7.  Probe,  PC  & 
PCR  signals  for 
different  gas 
pressures 
C02:N2:IIe=l:2:4, 
SIE -250  J/l  atm. 
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Fig.6,  llie  dependence  of  PCR  (on  energy)  on  gas  pressure 
and  interaction  angle  C02:N2:He=  1:2:4. 


Fig.8.  PCR  and  optica!  quality  of  PCR  vs  li/Ia  ratio. 


Fig.9.  PCR  (on  energy)  vs  SIE  and  gas  density  for  CO  laser.  Fig.lO.  Probe,  PC  &  PCR  signals  for  CO  laser 
(0  a  -  >^=5.39  pm;  A  -  A.=5.25  pm).  CO:N2:He=l:4:5,  N-0.3Amagat. 


account  laser  induced  medium  perturbation,  which  seems  to  create  not  only  phase  diffraction  grating  at  DFWM,  but  also 
destroy  it  via  optical  disturbances.  For  the  belter  understanding  the  phenomena  the  experiments  should  be  carried  out  on 
smaller  temporal  scale  with  nanosecond  resolution. 
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1.  BVTRODIICTTON 

It  has  b:  en  more  than  20  years  since  the  development  of  the  excimer  (exciplex)  lasers  operating  on  transitions  RX* 
molecules.  Work  is  now  underway  toward  the  creation  of  new  lasers  and  laser  systems  based  on  exciplex  lasers.  The 
term  exciplex  (from  English  “excited  complex”)  is  usually  in  photochemistry  denotes  chemical  compositions  (complexes), 
stable  in  the  excited  state  but  dissociate  easily  upon  going  to  the  ground  state  [1].  An  excimer,  however,  is  an  exciplex 
consisting  of  identical  atoms  or  atomic  groups  (e.g.,  dimer,  trimer,  etc.).Lasers  based  on  photodissociative  transitions  of  the 
exciplex  molecules  are  naturally  called  as  exciplex  ones  [2,  3]. Usually,  exciplex  molecules  contain  noble  gas  atoms  and 
halides.  Being  in  the  ground  state,  these  gases  as  a  rule  do  not  produce  chemical  joints  (but  XeF2 )  due  to  their  electron  shell 
is  full.  The  inert  gas  excited  atom  R*  with  its  chemical  properties  is  relative  to  alkaline  metals:  it  captures  one  electron  -with  a 
weak  energy  dependence.  That  is  why,  for  the  most  of  exciplex  lasers,  there  is  one  atom  of  inert  gas  in  the  working  molecule. 

Generation  on  noble-gas-halides  was  produced  for  the  first  time  in  1975  by  different  pumping  methods  [4-9].  At 
present,  the  most  effective  are  the  inert-gas-halides  lasers:  Krp’  (X  =  250  nm),  XeF*  (A,  =  350  run),  XeCl*  (X  =  308  nm), 
ArF  (A  =  193  nm)  [6,9-23].  Note,  that  traditionally  lasers  on  exciplex  molecules  are  called  not  exciplex  but  excimer.  Table  1 
lists  the  data  on  the  first  generation  on  different  exciplex  molecules,  and  also  there  are  references  on  the  papers  where  it  was 
armounced  about  the  effective  generation  possibility  on  the  known  molecule. 

A  particular  interest  to  exciplex  lasers  is  based  first  of  all  on  the  energy  density  of  the  radiation  obtained  (up  to  40 
J/dm  )  with  considerable  (9-12  %)  efficiency  [17]  of  their  active  media.  The  inversion  scheme  and  e-beam  pumping  methods 
p''ovide  the  use  of  big  (~1  m^)  active  medium  volumes  [18-21].  Besides,  the  range  of  the  exciplex  lasers  operating  transitions 
covers  the  area  from  visible  to  VUV,  which  is  of  great  interest  for  many  technical  applications.  The  important  merit  of  the 
exciplex  lasers  is  their  effective  operation  by  different  pumping  methods:  e-beam,  electrodischarge  and  e-beam-controlled 
discharge.  Moreover,  to  produce  generation  one  pumping  system  may  be  used  with  various  mixtures  and  different  molecules. 
Very  often,  the  same  methods  are  used  as  for  COrlasers:  a  self-sustained  TEA-discharge  and  its  modifications  with 
preionization,  UV  and  X-ray  radiation,  low-current  electron  beam.  Presently,  the  inert-gas-halide  exciplex  lasers  are  known 
as  veiy  powerful  sources  of  stimulated  radiation  in  the  UV  region.  Generation  was  obtained  at  many  transitions  (see  Table  2). 


2.  FORMATION  OF  EXCIPI.EX  MOLEOn.ES 

The  exciplex  lasers  have  essential  advantages  over  inert-gas-dimers  lasers,  mainly  for  peculiar  structure  of  their 
electroruc  terms,  and  due  to  this,  comparatively  large  cross-sections  of  photodissociation.  The  attachment  of  the  excited 
atom  R  with  halogen  atom  X  is  very  strong.  The  excited  electron  is  locahzed  on  halogen  atom  filling  in  its  shell,  and  the 
complex  R^,  characterized  by  ionic  bond,  is  formed.  This  complex  is  tied  together  by  Coulombic  forces  which  are 
considerably  great  (energy  of  the  bond  is  ~  5  eV  at  the  distance  0.3  nm  between  nuclei).  Due  to  high  energy  of  dissociation  of 
the  excited  electronic  term,  photon  “posesses”  less  energy  than  inert-gas  dimers,  correspondingly,  the  operating  radiation 
wavelength  of  RX-lasers  is  excessive. 
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Electron  relaxation  on  atomic  and  molecular  excited  levels  in  the  dense  complex  component  plasma  has  more 
complicated  character  than  it  is  in  the  inert  gas  plasma.  Used  for  mathematical  description  of  the  RX-Iasers  active  medium 
kinetics  are  models  taking  into  account  hundreds  of  chemical  reactions  [24,  25],  A  crucially  new  channel  of  the  RX-plasma 
relaxation  in  comparison  with  R-plasma  appears  due  to  negative  ions  X'  availability.  For  the  most  of  mixtures  population  of 
the  working  state  proceeds  through  triple  collisions  of  positive  and  negative  ions 

R^  +  X +  R’=:>  RX*  +R\ 

By  its  variation  from  pure  inert  gases  not  every  atom  and  molecule  ionization  act  leads  to  exciplex  RX*  population,  the  basic 
part  of  the  relaxation  flow  goes  “bypassing”.  Choosing  the  optimal  mixture  through  the  working  state  RX  it  is  possible  to 
pass  through  up  to  20-30  %  of  this  flow. 

Besides,  through  ion-ion  recombination,  in  the  row  of  lasers  an  essential  contribution  to  working  molecule  forming 
gives  harpoon  reaction  . 

R*  +  X.  RX'  +  X. 

With  chemical  composition  complication  of  medium  usually  exceeds  the  role  of  light  absorption  by  intermediate 
products  of  chemical  reactions  -  not  only  dimers  R2,  but  trimer-exciplexes  R’RX* ,  and  also  negative  ions  X'.  Non-controlled 
dopants  may  influence  on  the  absorption  essentially.  Particularly,  they  are  the  most  hazardous  for  the  lasers  with  a  high 
quantum  energy:  ArCf,  ArF  ,  KrBr  . 

All  well-known  noble-gas  halides  exciplex  lasers  are  able  to  operate  either  in  conditions  of  non-equilibrium 
recombination  (e-beam  pumping,  generation  in  subsequent  illumination),  or  ionization  (self-sustained  discharge  pumping). 
Nevertheless,  it  is  more  effective  the  generation  by  non-equilibrium  recombination  [26],  For  e  g..,  the  generation  efficiency  of 
exciplex  lasers  pumped  by  self-sustained  discharge  not  exceed  5  %  [22,  20],  and  pumped  by  e-beam  it  is  more  than  10%  [17] 
via  energy  input  into  the  working  gas. 


3.  EXCIPLEX  LASERS  AND  ITS  CHARACTERISTICS 

Presently,  many  different  techniques  for  pumping  of  exciplex  lasers  are  known,  for  which  electron  and  ion  beams, 
self-sustained  discharge,  optical  pumping,  e-beam-controlled  discharge,  nuclear  energy,  microwave  discharge  are  used.  Most 
abundant  of  them  are  self-sustained  discharge  and  electron  beam.  In  order  to  obtain  maximal  radiation  efficiency  in  the  single 
pulse  it  is  necessary  to  provide  the  following  conditions:  uniform  pumping  of  the  whole  active  volume;  optimal  powers  and 
wavelengths  of  pumping,  of  the  pumping  pulse  that  differ  for  different  molecules  essentially,  optimal  composition  and 
pressure  of  the  working  mixture;  optimal  resonator  for  the  given  active  medium  length;  not  big  cross  sections  of  the  laser 
active  volume  because  of  amplified  spontaneous  radiation  losses  to  the  wall  sides. 

Besides,  while  operating  in  the  regime  of  repetitive  pulses  or  in  pulse-periodical  regime  it  is  necessary  to  conserve 
the  initial  mixture  and  prevent  reaching  of  the  dopants  from  the  wall  sides  of  the  laser  chamber  and  electrodes,  and  also  in 
pauses  berween  pulses  to  use  mixture  circulation  and  its  cooling.  Fig.l  and  Fig.  2  give  a  design  of  lasers  pumped  by  electron 
beam  [27,28],  and  a  schematic  of  a  laser  pumped  by  a  self-sustained  discharge  [22],  with  which  rather  high  energy 
parameters  of  radiation  were  obtained.  To  pump  cylindrical  laser  chambers,  electron  accelerators  producing  radially 
convergent  electron  beams  were  used.  The  first  accelerator  consisted  of  a  high-power  low-inductance  vacuum- 
insulated  Marx  generator  and  a  vacuum  diode.  The  vacuum  insulation  and  the  minimized  inductance  of  the 
discharge  circuit  made  it  possible  to  attain  high  output  power  of  the  accelerator  without  using  an  intermediate 
energy  store  and  substantially  reduce  its  overall  dimensions  The  Marx  generator  has  nine  stages,  rated  at  an 
operating  voltage  up  to  100  kV.  Measurements  have  shown  that  the  vacuum  diode  of  this  electron  accelerator  is 
capable  of  producing  electron  beams  of  electron  energy  up  to  ~  600  keV  and  beam  current  '^70  kA  with  a  total 
current  pulse  duration  of  ~  1  ms,  the  beam  power  pulse  FWFIM  duration  being  ~  300  ns.  The  active  space  of  the 
laser  chamber  was  -100  cm  long  and  20  cm  in  diameter.  The  second  accelerator  had  12  Marx  generators.  The  active 
space  of  the  laser  chamber  was  -  200  cm  long  and  60  cm  diameter.  Experiments  on  studying  the  laser  radiation  on 
XeCl*  molecules  and  KrF*  molecules  were  carried  out  on  the  first  accelerator,  and  on  XeCl*  molecules  were 
carried  out  on  the  second  accelerator.  When  pumping  by  electron  beam,  the  last  was  admitted  into  the  cylinder  laser 
chamber  from  all  the  sides  from  12  cathodes  that  provided  the  uniform  pumping  and  radiation  energy  up  to  2  kJ  [20]  with  the 
efficiency  with  respect  to  input  energy  -  5  %. 
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On  pumping  by  a  self-sustained  discharge  a  special  profile  of  electrodes  was  used  (that  provided  uniform  pumping  at 
the  discharge  space  section),  the  volume  discharge  was  formed  from  one  generator,  and  the  basic  energy  input  was  produced 
by  the  other  one  m  the  impedant  regime.  Owing  to  this,  generation  efficiency  on  the  molecules  XeCl*  reached  >  4  %  with 
respect  to  stored  energy,  and  laser  energy  reached  >  4  J  [22], 

In  our  works  [20,29]  designs  and  outcomes  of  tests  on  versatile  pulsed  FOTON,  LIDA-D  and  LIDA-M  model  lasers 
pumped  by  a  self-sustained  discharge  are  presented.  The  FOTON  lasers  have  a  simple  and  readily  manufacturable  design 
capable  of  delivering  high-power  outputs  in  different  spectral  regions.  FOTON  model  laser  action  was  obtained  on  molecular 
transitions  in  F2  (X  =  157  nm),  ArF*  (193  nm),  KrCl*  (222  nm),  KrF*  (249  nm),  XeCl*  (308  nm),  N2  (337  and  1040  nm), 
(428  nm),  XeF*  (350  nm)  and  CO2  (10.6  pm)  and  from  atomic  transitions  in  F  (635.4,  641,  713,  740  and  755  nm).  The 
harnessing  of  the  electric  wind”  improved  PRR  up  to  ~  50  Hz.  The  LIDA-D  lasers  are  also  easy  to  produce,  admit 
variation  of  the  pulse  duration  and  provide  ~1  J  energies  at  A,  =  308  nm.  It  should  be  pointed  out  that  a  similar  laser  in  SF^- 
H2  generated  an  output  energy  of '-1.2  J  at  several  wavelengths  around  2.8  pm.  The  LIDA-M  lasers  furnish  high  lasing 
efficiency  (~3  %)  at  X  =  308  nm  with  a  pulse  duration  of  about  300  ns  and  an  output  energy  of  about  0.4  J.  Fig. 3  presents 
the  dependence  of  radiation  efficiency  of  electrodischarge  KrCl-laser  via  pumping  power.  It  is  seen  that  at  --  5  MW/cm^  the 
efficiency  reaches  2.6  %  [29], 


4.  CONCLUSION 


Due  to  small  size  of  this  publication  it  is  not  possible  to  cover  in  detail  all  the  aspects  of  kinetic  processes  that  take 
place  in  halide  -  inert  gas  mixtures,  designs  of  the  concrete  exciplex  lasers,  means  and  technical  decisions  to  provide  the 
highest  parameters.  Here  we  present  tables  with  the  best  characteristics  of  exciplex  lasers  pumped  by  a  self-sustained 
discharge  and  by  electron  beam  taken  from  [17,18,20,22,23,30]  (Table  3). In  more  detail,  the  characteristics  and  designs  of 
exciplex  lasers  are  presented  in  books  [20,31,32,33,34]. 
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Table  1.  First  announcement  about  generation. 


Molecules 

A.,  nm 

Method  of 
excitation  in  first 

First  announcement 
about  generation 

First  announcement 
about  efRcient 
generation 

XeF' 

-350 

E-beam 

Brau  C.A.,  Ewing  J.J. 
Appl.Phys.Lett.,  27 
,435,1975 

Ault  E.R.,  Bradford  R.S.  Bhau.mik 

M  L.  Appl.Phys.Lett.,  27 , 415 , 1975 

XeCr 

308 

E-beam 

Ewing  J.J.,  Brau  C.A. 
Appl.Phys.Lett.,  27 , 

350,1975 

Bychkov  Yu. I.,  Losev  V.F.,  Mesa3^s 

G.  A.,  Tarasenko  V.F.,  Pisma  v  ZTF  , 

3  ,  1233  ,  1977 

XeBr’ 

382 

E-beam 

Searles  S.L ,  Hart  G.A. 
Appl.Phys.i.ett.,  27 , 

243,1975 

Konovalov  I.N.,  Tarasenko  V.F. 
Kvantovaya  electronica ,  6,400.1979 
Balog  G.,  Sander  B.K.,  Seer  ;!er  E. 
Appl.Phys.Lett,  35,  727,1 

KrF' 

-250 

Discharge 
controlled 
by  E-beam, 

E-beam 

Mangano  J.A.,  Jacob  J.H. 
Appl.Phys.Lett.,  27 , 495, 

1975 

Ewing  J.J.,  Brau  C.A. 
Appl.Phys.Lett.,  27 , 350, 

1975 

Tisone  G.C.,  Hays  A.K.,  Hofinian 

J.M.  Opt.Commun.,  15,188,1975 
Opt.Commun.,  18,  117,  1976  (108  J) 

KrCl* 

222 

E-beam 

Murray  J.R.,  Powell  FI.T. 
Appl.Phys.Lett.,^  ,252,1976 

Mefchenko  S.V.,  Panchenko  A.N., 
Tarasenko  V.F.  Pisma  v  ZTF  ,  12, 

V.3,  P.171,  1986 

ArF' 

Fast  discharge 

Ishchencko  V.N.,  Lisitsin 

V.N.,  Ragev  A.M.  Pisma  v 
ZTF, 

2  ,839,  1976 

Tisone  G.S.,  Hays  A.K.,  Hoffman 

J.M.  Opt.Commun.,  18,  117,  1976 
(92  J) 

ArCr 

175 

Fast  discharge 

Waynant  R.W., 

Appl.Phys.Lett.,  30 , 234, 

1977 

- 

KrBr" 

206.5 

Fast  discharge 

Waynant  R.W.  Kwantovaya 
electronica  ,  5_,  1767  ,  1978 

- 

Table  2.  Molecules  on  which  the  generation  (g)  was  obtained  and  fluorescence  (f)  was  detected.  In  the 
brackets  the  wavelength  of  radiation  with  maximal  intensity  is  shown.  The  wavelengths  known  only  from 
calculation  are  marked  by  (*). 


F 

Cl 

Br 

I 

He 

88  nm* 

~80  nm* 

-83  nm 

- 

Ne 

f 

(115  nm) 

-100  nm* 

-93  nm 

“ 

Ar 

g.  f 

(199  nm) 

(175  nm) 

-162  nm* 

- 

Kr 

g,f 

(248  nm) 

g.  f 

(222  nm) 

g,  f 

(204  nm) 

185  nm* 

Xe 

g.f 

(350,490  nm) 

g.  f 

(308  nm) 

g,  f 

(282  nm) 

g,f 

(253  nm) 
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Table  3.  Maximal  radiation  energies,  efficiencies  and  average  powers  of  exciplex  lasers  radiation 


Molecule 

X ,  nm 

Method  of  pumping 

Maximal  parameter 

Reference 

KrF* 

248 

E-beam 

Pulsed  radiation  energy ,  5  kJ 

im _ 

XeCr 

308 

E-beam 

KrF* 

248 

E-beam 

Efficiency,  12  % 

liBBHi 

308 

Discharge 

Pulsed  radiation  energy  ,  66  J 

mmm 

XeCr 

308  1 

Discharge 

Average  radiation  power,  ^2  kW 

[30] 

XeCl‘ 

308  i 

Discharge  j 

Efficiency,  >  4% 

[221 _ 

Fig.l.  Accelerators  to  excite  a  600-liter  laser  :a)  horizontal  cross  section;  b)  diagram  of  section  location; 
c)  diode  section  [27]. 


6  Vss  2  Vss 

I  Zl»Zd  I  <=—>  I  7.2  =  Zd  1 


iZi 


Fig. 2.  Practical  circuit  with  two  generators  [22]. 


Fig.3.  Dependence  of  laser  efficiency  at  X,  =  222  nm  based  on  pumping  power  on  specific  pumping  power,  ■-results  of 
Hueber  at  al.;^  -results  of  Armandillo  at  al.;o,'>^,'+-  results  of  the  present  work:  o -LED  A,  L  =  60  cm;  X  -FOTON,  L  =  60  cm;+“ 
-DILAN,  L  =  20  cm. 
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ABSTRACT 

The  development  of  high  energy  KrF  lasers  to  the  high  average  power  required  by  inertial  confinement  fusion 
and  industrial  applications  will  be  reviewed.  Techniques  which  maintain  high  beam  quality  will  be 
emphasised. 

Keywords:  inertial  confinement  fusion,  semiconductor  annealing,  electron  beam,  excimer  laser,  pulsed  power, 
adaptive  optics. 


L  INTRODUCTION 


The  KrF  laser  possesses  all  the  requirements  necessary  for  application  as  a  driver  for  inertial  confinement 
fusion  (ICF).  The  wavelength  is  short,  permitting  good  coupling  to  the  fuel  pellet;  the  bandwidth  is  large, 
which  provides  excellent  beam  smoothing,  and  the  intrinsic  efficiency  of  around  10%  is  enough  for  viable 
fusion  power  station  design.  Multi-kilojoule  energy  from  a  single  m^ule  has  been  obtained,  but  reliable 
operation  at  multi-Hz  repetition  rate  (which  will  be  required  for  fusion  power  applications)  has  yet  to  be 
demonstrated. 

Coincidentally,  the  majority  of  properties  mentioned  above  are  also  required  for  a  nnajor  industrial 
application,  namely:  large  area  semiconductor  annealing.  In  this  application,  highly  uniform  beams  with 
kilojoule  energy  levels  are  required  to  process  areas  the  size  of  TV  screens  in  a  single  shot. 

To  date,  KrF  lasers  for  industrial  applications  have  been  discharge  pumped.  It  is  the  contention  of  this  paper 
that  electron-beam-pumped  lasers  are  the  obvious  choice  for  large  single  pulse  energy  and  that  there  is  ro 
physical  reason  why  the  repetition  rate  and  reliability  required  cannot  be  attained. 

In  this  paper,  I  will  review  the  current  status  of  electron-beam-pumped  KrF  lasers  and  compare  them  with 
discharge  lasers.  The  technical  challenges  for  the  pulsed  power  system  posed  by  the  requirement  of  repetition 
rate  will  be  discussed.  In  particular,  I  will  highlight  the  work  a  t  Rutherford  Appleton  Laboratory  (RAL)  on 
the  new  KrF  laser  system  "Titania".  This  laser,  which  has  delivered  more  than  850  J  in  a  single  pulse,  is 
being  configured  to  produce  intensities  >  W  cm'^  on  target.  Such  high  intensities  are  of  interest  in  the  "fast 
ignition"  route  to  ICF. 

For  operation  at  high  repetition  rate,  beam  quality  becomes  a  major  issue.  I  will  describe  work  cn  two 
techniques  used  a  t  RAL  to  control  phase  distortion,  namely  Raman  beam  clean-up  and  adaptive  optics. 
Raman  beam  clean-up  has  been  employed  for  a  number  of  years  and  has  the  added  advantage  of  providing 
power  gain  by  combining  many  beams  into  a  single  beam.  Adaptive  optics  is  a  new  programme  which  at 
present  is  focused  on  development  of  deformable  laser  mirrors  using  the  'T>imorph"  principle. 
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2,  FUSION  AND  INDUSTRIAL  APPUCATIONS 


2.1  KrF  lasers  for  fusion 
In  inertial  confinement  fusion,  short 
wavelength  light  with  an  extremely 
high  degree  of  uniformity  is  used  to 
compress  a  spherical  pellet  of  DT 
(deuterium/tritium)  fuel  to  ultra-high 
density  and  temperature  so  that  the  fuel 
ignites.  The  requirement  of  radiation 
uniformity  is  crucial  if  compression  to 
high  density  is  to  be  attained  against 
the  effects  of  Rayleigh-Taylor 
instabilities  which  tend  to  destroy  the 
spherical  symmetry  of  the  compression. 

In  the  large  ICF  fusion  facilities 
currently  under  construction  in  the  USA 
and  France,  megajoule-sized  Ndiglass 
lasers  are  used  to  heat  the  inside  of  a 
hollow  target  to  provide  a  source  of  Hg.l.  Beam  profile  on  target  of  a  single  beam  from  the  Nike  laser 

uniform  soft  X-ray  radiation,  which  in 

turn  compresses  the  DT  pellet.  This  "indirect"  way  to  ICF  is  also  proposed  where  ion  beams  act  as  the  fusion 
driver.  The  problem  with  this  approach  for  fusion  power  application  is  the  inefficiency  of  the  conversion  of 
driver  energy  to  X-rays. 

A  more  efficient  approach  is  to  use  the  driver  energy  to  compress  the  pellet  directly.  This  imposes  severe 
requirements  on  the  illumination  uniformity,  but  it  would  appear  that  the  short  wavelength  and  broad 
bandwidth  of  the  KrF  laser  makes  it  admirably  suitable  in  this  application.  The  Nike  KrF  laser  system^  at 
the  US  Naval  Research  Laboratory  in  Washington,  DC  has  been  configured  as  a  test  bed  for  this  "direct 
drive"  approach  to  ICF.  The  key  to  achieving  uniform  illumination  is  the  technique  known  as  echelon-free 
induced  spatial  incoherence^  (ISI).  In  this  technique,  a  partially  coherent  laser  beam  having  an  angular 
spread  A0  >  >  X/D  (i.e.  many  times  diffraction  limit)  relays  an  image  of  a  uniformly  illuminated  object  to 
target  through  the  amplifier  chain.  The  beam  is  thus  split  into  coherence  zones  of  dimension  X./A0,  and 
provided  A0  also  greatly  exceeds  the  aberration  limited  divergence  of  the  system,  a  faithful  image  is 
reproduced  on  target.  The  instantaneous  image  will  consist  of  a  speckle  pattern  formed  by  the  interference 
between  coherence  zones,  however  the  interference  is  averaged  ai  a  timescale  Av"\  where  Av  is  the 
bandwidth  of  the  laser  beam  which  is  typically  2  THz  for  KrF  operating  broadband.  Fig.  1.  shows  the  beam 
profile  of  a  single  Nike  beam  on  target  with  a  top  flat  to  better  than  1%.  The  spot  size  is  sub-millimetre  and  a 
total  of  2.8  kj  is  delivered  to  target  in  56  multiplexed  beams.  The  intensity  of  the  overlapped  beams  is  10^^  W 
on'^  with  a  time  averaged  uniformity  better  than  0.2%.  Optical  multiplexing  enables  efficient  extraction  of 
the  long  pulse  amplifiers  by  sequential  4  vs  pulses  which  are  demultiplexed  i.e.  overlapped  in  time,  on  the 
target. 

Ignition  of  the  DT  fuel  in  the  above  scheme  occurs  in  a  manner  exactly  analogous  to  that  of  a  Diesel  engine; 
adiabatic  compression  of  DT  gas  in  the  centre  of  the  pellet  to  temperatures  high  enough  to  start  the  fusion 
reaction.  An  alternative  approach  to  ignition  has  recently  been  proposed  which  is  analogous  to  a  petrol 
engine.  The  DT  fuel  is  assembled  cold  and  the  ignition  is  provided  by  a  very  intense  short  laser  pulse  a  t  the 
point  of  maximum  compression.  This  "fast  ignition"  scheme  relaxes  the  compression  requirements  and  holds 
the  promise  of  improved  efficiency  and  lower  threshold  energy.  The  short  wavelength  of  KrF  makes  it  the 
ideal  candidate  for  the  igniter  laser.  Short  wavelength  favours  penetration  to  higher  densities  through  the 
plasma  blown-off  during  pellet  compression.  Petawatt  power  in  the  picosecond  region  with  near  diffraction 
linuted  beam  divergence  will  be  required  for  this  technique  to  succeed. 
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The  present  generation  of  lasers  for  fusion  are  all  single  shot  devices.  For  operation  in  a  p>ower  station 
environment  a  repetition  rate  of  a  few  Hz  to  a  few  tens  of  Hz  will  be  required,  depending  on  fusion  gain  and 
optimum  power  output.  Cooling  of  the  laser  medium  becomes  important  and  gas  lasers  such  as  KrF  will  have 
advantages  over  solid  state  lasers  where  heat  extraction  is  concerned. 


22  Excimer  lasers  for  semiconductor  annealing 

Excimer  lasers  are  increasingly  finding  application  in  the  semiconductor  industry  as  a  cost  effective  way  of 
annealing  silicon  to  its  polycrystalline  state  after  processes  such  as  ion  implantation  or  CVD.  Laser  annealing 
is  particularly  attractive  for  large-area  electronics-on-glass  applications  such  as  flat  panel  displays  where 
exposure  to  high  temperatures  is  not  possible^.  Excimer  lasers  are  already  being  installed  by  semiconductor 
manufacturers  for  this  application.  Large  areas  are  annealed  by  scanning  high  repetition  rate  laser  beams 

across  the  surface.  For  some  applications  the  non- 
uniformity  caused  by  this  step-and-repeat  process 
causes  problems  and  the  ability  to  anneal  the 
whole  display  in  a  single  shot  is  appealing.  The 
fluences  required  to  melt  the  silicon  are  typically 
in  the  range  of  150  -  300  mj  cm'^  and  with  display 
sizes  of  interest  ranging  from  200  x  300  nrm  for 
computer  monitors  to  550  x  650  mm  for  high 
definition  TV  screens,  the  required  single-shot 
energy  is  in  the  region  of  100  - 1000  J.  Such  energies 
are  well  within  the  state-of-the-art  for  electron- 
beam-pumped  excimer  lasers  but  represent  a 
considerable  challenge  for  discharge  technology. 
The  uniformity  requirements  are  nowhere  near  as 
severe  as  the  fusion  application  but  some 
applications  may  require  uniformity  at  the 
percent  level. 

Avera  0™  42  cm  in  dia  from  the  Titania  laser  beam.  Por  the  scanning  lasers  used  a  t  present,  repetition 

rates  up  to  kHz  are  used  with  average  powers  of  a 
t,  few  hundred  Watts.  For  single  shot  annealing,  the 

same  average  powers  will  be  obtained  a  t  sub-Hz  repetition  rate  and  the  peak  production  rate  is  unlikely  to 
exceed  one  display  per  second.  In  this  area  too,  the  industrial  application  has  more  modest  requirements  than 
that  of  fusion.  Fig.  2  shows  the  large  area  irradiation  capability  of  the  RAL  Titania  KrF  laser  beam. 


4.  PULSED  POWER  REQUIREMENTS 


4.1  Discharges  vs  electron  beams 

The  discharge  excited  excimer  laser  has  made  enormous  strides  since  its  discovery  and  many  difficult 
technical  problems  have  been  solved  to  bring  it  into  the  market  place  as  a  reliable  industrial  laser.  The  cost 
per  Joule,  however,  is  still  high  compared  with  the  $1(X)/J  target  for  fusion  power  applications.  To  obtain  the 
cost  benefits  of  scale,  module  energies  need  to  be  in  the  region  of  kj  or  even  10's  of  kj.  The  output  energy  of  KrF 
is  given  by  Eq  =T|g)LIstpa^  where  t|  is  the  extraction  efficiency,  ggL  the  gain  length  product.  Is  the  saturation 
energy,  tp  the  pulselength  and  a  the  aperture.  Clearly,  maximising  energy  involves  increasing  the  aperture 
and  the  pulselength.  Doing  this  with  discharge  lasers  is  very  difficult  due  to  discharge  instabilities.  In  fact, 
of  all  the  excimers,  a  scale-up  of  aperture  and  pulselength  has  only  been  obtained  with  XeCl,  with  typical 
energies  limited  to  a  few  tens  of  Joules. 

With  electron  beams,  cn  the  other  hand,  large  apertures  and  long  pulselengths  are  a  natural  consequence  of 
the  means  of  excitation.  The  electron  energy  needs  to  be  several  hundred  k V  to  pass  efficiently  through  the 


foil  separating  the  electron  acceleration  region  from  the  laser  gas.  In  gases  aroxmd  atmospheric  pressure  the 
typical  electron  range  is  several  tens  of  cm,  so  large  apertures  are  pumped  efficiently.  The  limit  to 
pulselength  is  primarily  set  by  halogen  depletion  and  can  exceed  1  ps  at  low  excitation.  The  largest  KrF  laser 
ever  operated  was  the  Aurora  laser  at  Los  Alamos  which  produced  10  kj  from  a  1  x  1  m  aperture  in  a  0.5  ps 
pulse. 

4^  Power  switching 

The  main  differences  between  the  pulsed  power 
requirements  of  discharges  and  electron  beams  are  the 
voltage  and  impedance  which  are  typically  ten  times 
greater  in  the  latter  case,  i.e.  hundr^s  of  kV  and  a 
few  ohms  for  e~beams  versus  tens  of  k  V  and  fractions 
of  ohms  for  discharges.  This  affects  the  choice  of 
switch;  which  for  discharges  are  frequently 
commercially  available  thyratrons  or  even  solid- 
state  switches  whereas  electron  beam  machines  to 
date  have  used  spark  gap  switches  to  deliver  the 
power  to  the  load. 

All  spark  gap  switches  suffer  from  electrode  erosion 
and  have  a  limited  lifetime  between  servicing  of 

between  itf  and  shots.  Thyratrons,  on  the  other  ^  ^  ju 

,  ,  .  ..1  Range  of  fast  tum-on  GTO  thrynstors  manuftured  by 

hand,  can  work  for  Iff  shots,  and  solid-state  switches  Westcode  Ltd.  For  scale,  the  disc  second  from  left  is  66  mm  dia. 
even  more.  If  electron-beam-pumped  excimer  lasers 

are  to  make  it  into  the  industrial  market  place  and  show  the  way  forward  for  fusion  power  applications, 
spark  gap  switches  will  need  to  be  replaced  by  solid  state  switches. 

Advances  in  power  semiconductor  switches  are  in  the  direction  of  higher  voltages  and  higher  rates  of  rise  of 
current.  For  example  Fig.  3.  shows  a  range  of  fast  tum-on  GTO  Thyristors  manufactured  by  Westcode  Ltd.  For 
the  66  mm  device  WG20045,  the  hold-off  voltage  is  4.5  kV  and  peak  anode  current  is  greater  than  60  kA  a  t  a 
di/dt  of  more  than  10  kA/ps.  Performance  limits  depend  on  the  specific  application  but  average  switched 
powers  per  device  of  tens  of  kW  at  tens  of  Hz  repetition  rate  should  be  attainable  The  losses  are  small 
compart  with  the  switched  energy  which  can  amoimt  to  many  kJ  per  device.  These  devices  have  been 
successfully  operated  in  series^  (lOx  stacks  to  give  45  kV  hold-off)  and  parallel  operation  is  also  possible. 

Such  voltages  and  current  risetimes  are  still  a  long  way  from  the  requirements  of  an  electron-beam-pumped 
laser,  but  the  way  forward  has  been  shown  by  the  RHEPP  II  machine  at  Sandia  National  Laboratories  which 
provides  an  example  of  a  prototype  high  repetition  rate  electron  beam  generator  in  using  all  solid-state 
switching.  This  machine  produces  over  300  kW  of  electron  beam  power  at  a  repetition  rate  of  up  to  120  Hz. 


Fig.  4.  Circuit  diagram  of  the  RHEPP  II  machine  at  Sandia  National  Laboratories 

Fig.  4.  shows  the  circuit  of  this  system.  At  the  front  end  SCR  stacks  provide  the  initial  switching,  after 
which  magnetic  compression  stages  arranged  as  a  Melville  line  compress  the  pulse  from  5  ms  to  1.2  [is.  A 
magnetically  switched  Blumlein  line  produces  a  flat- topped  60  ns  pulse  which  is  stepped  up  from  220  kV  to 


157 


2,5  MV  using  a  linear  voltage  adder.  The  efficiency  from  wall-plug  to  electron  beam  is  50%  and  greater  than 
10^  shots  have  been  obtained. 

The  main  factor  influencing  the  use  of  magnetic  switches  for  compressing  the  pulse  is  the  volume  of  magnetic 
material  required.  In  a  Melville  line,  the  compression  takes  place  in  a  number  of  stages  with  a  current  gain 
per  stage  of  G.  The  energy  handled  per  unit  core  volume  (E/V)  is  given  by^: 

E_  4Ag^ 

where  AB  is  the  flux  swing  in  the  core.  METGLAS  amorphous  magnetic  alloy  is  generally  used  as  the  core 
material  in  this  application  because  of  its  large  saturation  flux  and  low  losses.  If  the  core  is  reverse  saturated 
before  switching,  a  flux  swing  of  3.4  Tesla  is  possible  and  with  a  typical  stage  gain  of  5  eqn  (1)  gives  a  specific 
energy  handling  capability  per  switch  of  1  J  m amounting  to  around  13  J  kg'\  The  present  cost  of  METGLAS 
is  around  $l(X)/kg  in  small  quantities,  so  with  several  compression  stages  required,  the  cost  of  magnetic 
material  can  be  a  significant  part  of  the  pulsed  power  system. 

METGLAS  cores  are  also  used  in  the  linear  induction  voltage  adder  (LIVA)  stage  which  is  an  efficient  way  to 
step  the  voltage  at  the  output  end  of  the  pulsed  power  system  to  the  voltages  required  at  the  electron- 
beam  diode.  The  LIVA  is  essentially  an  assembly  of  1:1  transformers  with  the  primaries  connected  in  parallel 
and  the  secondaries  connected  in  series.  As  such,  it  is  the  inductive  equivalent  of  a  Marx  generator,  but  its 
placement  at  the  output  end  of  the  pulsed  power  system,  rather  than  at  the  beginning,  which  is  usual  for 
Marx  generators,  means  that  the  bulk  of  the  pulse  forming  is  done  at  a  voltage  of  VdiodeAi  (where  n  is  the 
number  of  LIVA  stages)  rather  than  2  x  Vdiode  in  conventional  impedance-matched  pulsed  power  machines. 

4.3  Foil  lifetime 

The  electron  beam  which  pumps  the  laser 
gas  has  to  be  accelerated  in  vacuum  and 
then  transported  through  a  thin  foil  into 
the  high  pressure  (typically  1  bar)  laser 
gas.  The  question  of  survivability  of  the 
foil  is  crucial  to  the  industrial 
application  of  electron  beam  machines. 

Fig.  5  shows  the  foiling  arrangement  on 
the  RAL  Titania  laser  module^  With 
such  single-shot  machines  getting  foil 
lifetime  statistics  is  difficult.  The 
Titania  module  has  demonstrated  10? 
shot  lifetime  to  date  whilst  its 
predecessor.  Sprite,  gave  10*  shots  before 
foil  failure.  There  are  however,  a  ninnber 
of  large  research  machines  where  the  foil 
only  survives  a  few  tens  of  shots.  Two 
things  which  seem  to  affect  foil  lifetime 
the  most  are  p)OSt  pulse  and  applied 
magnetic  field.  The  plasma  cathodes 
used  in  existing  systems  result  in  plasma 
crossing  the  a-k  gap  at  some  time  not  long  after  the  end  of  the  main  pulse.  If  there  is  sufficient  drive  voltage 
left  on  the  diode  this  (generally  non-uniform)  plasma  will  collapse  to  an  arc  and  destroy  the  foil.  Magnetic 
field,  which  in  some  machines  is  applied  in  the  same  direction  as  the  electron  trajectory  to  prevent  beam 
pinching,  exacerbates  this  effect  by  confining  post  arcs  to  smaller  dimensions. 

Although  the  foil  is  much  thicker  on  the  RHEPP  machine  than  on  typical  KrF  lasers  (250  |jm  compared  to  40 
|jm)  and  the  voltage  much  higher,  the  foil  lifetime  is  reportedly  10^  shots,  and  similar  industrial  radiation 


Fig.  5.  Laser  vessel  extracted  from  the  diode  vacuum  chamber  on  the  42  cm 
Titania  KrF  laser  module  at  RAL.  Two  foils  are  used;  a  12|am  prefoU  and  a  35  |im 
thick  pressure  foil.  Both  foils  are  made  of  pure  rolled  titanium. 


sources  achieve  l(f  shots.  In  electron-beam-pumped  lasers,  the  energy  loss  in  transporting  the  beam  from  the 
diode  to  the  laser  gas  is  the  largest  in  the  power  train.  So  the  question  of  whether  long  lifetime  and  high 
efficiency  can  be  simultaneously  achieved  is  an  important  one.  R  &  D  needs  to  be  directed  to  this  area  in  the 
future. 


5.  BEAM  QUALITY 


5.1  The  need  for  adaptive  optics 

The  technique  of  echelon-free  ISI,  as  pioneered  by  The  US  Naval  Research  Laboratory,  has  been 
conspicuously  successful  in  demonstrating  that  ultra  uniform  beams  can  be  realised  cn  target.  This  powerful 

technique  is  equally  applicable  to  large  area 
annealing.  One  of  the  major  advantages  of  using 
ISI  is  the  possibility  of  placing  the  amplifiers  in 
the  Fourier  plane  of  the  object  and  image.  In  this 
plane,  all  points  on  the  image  are  distributed 
across  the  amplifier  aperture  and  the  effects  of 
gain  inhomogeneity  can  be  eliminated.  Phase 
aberrations,  on  the  other  hand,  can  be  a  problem  if 
the  condition  that  the  propagating  field  angles 
are  much  larger  than  the  aberrated  divergence 
angle  is  not  realised.  In  large  aperture  electron- 
beam-pumped  KrF  lasers  which  use  high 
refractive  index  krypton/argon  buffer  gases  phase 
errors  under  high  repetition  rate  operation  are 
likely  to  be  substantial  and  active  means  of 
controlling  them  will  be  required. 

At  RAL  we  have  initiated  an  R&D  programme  to 
apply  adaptive  optics  to  the  Vulcan  Nd:glass 
laser  and  the  Titania  KrF  laser  with  a  view  to 
reducing  phase  errors  to  close  to  the  diffraction 
limit.  The  bandwidth  of  aberrations  on  these 
systems  is  in  the  region  E>C  -  3  Hz,  but  much  higher 
bandwidth  correction,  suitable  for  high  repetition 
rate  operation  is  feasible. 

As  a  low  cost  technology  we  are  developing  bimorph  mirrors,  which  use  piezoceramic  plates  bonded  to  the 
back  of  a  thin  mirror  substrate  to  deflect  the  mirror  by  a  process  analogous  to  the  bi-metallic  strip.  They  are 
simple  to  construct  and,  by  using  simple  screen  printing  techniques,  can  be  made  with  an  arbitrary  number  and 
shape  of  electrodes  at  the  same  cost  Fig.  6  shows  our  first  prototype  multi-element  mirror,  which  has  19 
circular  elements  printed  onto  a  70x70x0.2  mm  thick  PZT  plate  bonded  to  a  1.5  mm  thick  glass  mirror  substrate. 

Our  main  concern  about  adopting  this  technology  has  been  that  such  mirrors  have  in  the  past  been  almost 
exclusively  designed  with  relatively  few  elements  to  compensate  for  low  order  modal  aberrations.  We  have 
shown  that  high  order  control  is  also  possible  with  bimorph  mirrors.  We  have  shown  that  the  mirror  can  be 
made  to  mimic  the  behaviour  of  a  point  deflection  actuated  mirror  where  only  one  element  is  actuated. 
Outside  the  actuated  region  the  rest  of  the  mirror  could  be  maintained  very  nearly  flat  by  the  application  of 
suitable  reverse  curvature  to  the  control  elements.  Experimental  work  on  this  first  prototype  mirror  has  only 
just  b^;un  but  we  have  demonstrated  that  large  deflections  (many  microns)  can  be  obtained  with  applied 
voltages  of  less  than  65  volts.  This  low  voltage  technology,  which  derives  from  the  special  PZT  used,  means 
that  we  can  envision  driving  a  rather  large  number  of  channels  at  relatively  low  cost. 
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5^  Raman  beam  clean-up  and  ultra  bright  beams 
Another  beam  quality  enhancing  technique  which  has  been 
pioneered  at  RAL  is  Raman  beam  clean-up^.  In  this 
technique  many  pun^  beams  (in  our  case  at  the  KrF 
wavelength  of  248  nm)  purap  a  Raman  medium  (CH4) 
contained  in  a  lightguide.  A  single  Stokes  shifted  beam 
(268  nm)  extracts  energy  from  the  pun^  beams  without 
being  imprinted  with  the  punp  phase  aberrations. 

Amplitude  imprinting  persists  but  this  can  be  small  where 
many  pump  beams  are  averaged. 

The  far-field  patterns  of  the  pump  and  Stokes  output  beams 
recorded  by  a  UV  sensitive  CCD  camera  placed  a  t  the  focus 
of  a  telephoto  lens  are  shown  in  Fig.  7.  The  Stokes  far  field 
is  characterised  by  a  core  with  a  FWHM  of  1.7  x  the 
diffraction  limit.  This  measure  of  beam  divergence  (which 
is  frequently  used)  gives  an  over-estimate  of  the  beam  jH 

brightness  since  there  is  a  considerable  excess  of  energy  in 
the  wings  of  the  far  field.  The  peak  brightness  for  the  shot 
shown  in  Fig.  7  is  1.5  X  10^*^  W  on'^  sterad'^  and  the  Strehl 
ratio  is  0.22. 

Such  beams  are  of  great  interest  to  the  ICF  fast  ignition  Top:  Far  field  of  a  typical  pump  beam  to  the  Ramim 

scheme.  Semiconductor  processing  with  short  pulses  may  amplifier  -  20  x  DL  Bottom:  far  field  of  stokes  beam  ~  1.7 
also  be  of  interest  in  some  applications  and  this  technique  ^ 

may  well  find  application  where  energies  to  100  J  are  required  in  the  pulselength  region  of  tens  to  a  few 
hundreds  of  ps. 


6.  CONCLUSIONS 

The  challenge  of  developing  large  electron-beam-pumped  excimer  lasers  for  fusion  applications  is  a 
formidable  one.  However  it  is  fortunate  that  many  of  the  developments  required  for  fusion  can  be  applied,  at 
a  significantly  smaller  scale,  to  important  industrial  applications. 
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ABSTRACT 

1  kW  average  power  (13J  x  80  Hz  or  lOJ  x  100  Hz)  has  been  obtained  in  1992^  and  up  to  22 J  per  pulse  and  per  module 
has  been  reached  in  1995^  in  the  frame  of  Eureka  Programm  EU205  by  SOPRA.  This  work  is  the  prolongation  of  these 
studies  and  gives  to  the  flat  panel  industry  an  unique  tool  in  the  world  for  Silicon  annealing. 

Gathering  three  modules,  we  obtain  60J  per  pulse  at  308  nm.  The  first  module  is  an  oscillator  ;  the  two  others  work  as 
amplifiers.  We  tested  different  kinds  of  cavity  (stable  and  unstable)  ;  finally,  we  choose  an  unstable  cavity  (M  =  1 .2) 
with  special  output  mirror.  The  pulse  duration  is  about  200  ns  FWHM  but  can  be  tuned  if  necessary.  The  flat  panel 
industry  asks  a  repetition  rate  of  0.16  Hz,  so  there  is  no  need  for  circulation  of  the  gas  mixture.  Work  on 
synchronisation  of  the  3  modules  will  be  shown. 


Main  applications  of  these  lasers  are  shock  hardening,  soft  X-Rays  generation,  surface  treatment  by  photo-ablation  and 
"Single  Shot  Excimer  Laser  Annealing  (SSELA).  For  the  first  ones,  the  laser  beam  has  to  have  a  low  divergence  and  for 
surface  treatment,  the  beam  must  be  very  homogeneous  (typically  ±  3  %).  That  is  the  reason  why  we  designed  an 
homogeniser  and  we  solved  problems  of  self  focussing  and  plasma  creation.  The  3  modules  and  the  process  in 
cleanroom  are  driven  by  a  control  command  system  for  an  industrial  use. 

Keywords  :  excimer  laser,  XeCl,  long  pulse,  MOPA,  unstable  cavities,  high  energy  per  pulse,  Silicon  annealing, 
homogenizer,  shock  hardening,  photoablation,  self-focussing 


1.  INTRODUCTION 

In  the  frame  of  EUREKA  Program  EU205,  SOPRA  developed  his  own  way  :  high  energy  per  pulse  instead  of  high 
pulse  repetition  rate.  So,  in  1992,  SOPRA  obtained  more  than  1  kW  average  power  (13J  x  80  Hz)  for  the  first  time  with 
a  laser  made  for  industrial  application^. 

We  now  decided  to  enter  the  market  of  Excimer  Laser  Annealing  (ELA)  and  especially  with  a  Single  Shot  on  the  screen 
if  possible  (one  screen,  one  shot)  and  we  called  this  process  SSELA.  For  some  screens,  13J  is  enough  but  there  was  a 
demand  of  several  big  customers  to  have  45  J  on  the  sample  with  a  repetition  rate  of  only  0.16  Hz,  24h  a  day. 

This  was  the  challenge  we  decided  to  take  and  up  to  now,  we  have  obtained  a  maximum  of  60J  per  pulse.  Other 
applications  are  also  aimed  like  surface  treatment,  like  shock  hardening  or  soft  X-Ray  generation. 

For  all  these  applications,  high  energy  is  important  ;  for  some,  divergence  has  to  be  as  small  as  possible  ;  for  others, 
there  is  a  compromise  for  the  divergence.  For  all  applications,  pulse  duration  and  pulse  shape  are  also  important  criteria 
but  the  best  is  not  the  same  in  each  case. 


2.  DESCRIPTION  OF  THE  SET-UP 

To  obtain  60 J,  three  modules  are  used.  The  modules  are  almost  identical  for  maintenance  reasons. 
We  tried  different  combinations  : 

A)  three  oscillators  gathered  by  the  beam  homogenizer 
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B)  one  oscillator  and  two  amplifiers 

a)  with  two  mirrors  between  each  module  to  have  alignment  easier 

b)  in  line  (we  avoid  losses  on  four  mirrors) 

Finally,  we  use  the  last  one  B)  b). 


2.1)  Description  of  one  module 

Each  module  is  an  extrapolation  of  the  VEGA  laser  which  is  described  in  previous  works  (see  for  instance  reference^). 
There  is  no  blower  and  no  circulation  loop.  Only  small  tubes  are  connected  to  a  gas  purifier  GP2000  (OXFORD 
LASERS)  and  a  gas  reservoir  tank. 

It  is  X-Ray  preionized.  The  amplifying  medium  is  10  x  7  x  130  cm^  (except  for  the  oscillator  :  9.5  x  7  x  130  cm^).  The 
length  between  mirrors  or  windows  is  2  metres.  There  are  eight  capacitor  benches  associated  with  eight  synchronized 
thyratrons. 

The  power  supplies,  gas  filling,  pressures,  temperatures,  energy  of  laser  per  pulse,  number  of  pulses,  pulse  repetition 
rate  etc...  are  controlled  by  a  master  computer  (Control  Command). 


2.2)  Three  modules 

The  three  modules  are  triggered  with  a  tunable  timing.  All  three  are  controlled  by  the  same  computer. 

There  is  one  optical  system  between  the  oscillator  and  the  first  amplifier.  This  system  matches  the  height  of  the 
oscillator  beam  (9.5  cm)  to  the  amplifier  height  (10  cm)  ;  it  can  also  correct  a  little  bit  the  convergence  or  the 
divergence  of  this  beam.  It  is  composed  of  a  diverging  lens  followed  by  a  converging  lens. 

At  the  output  of  the  third  module,  we  often  put  an  afocal  system  to  reduce  the  flux  and  the  divergence  of  the  beam. 


2.3)  Different  kinds  of  oscillator 

We  study  different  oscillators  : 

a)  plano-concave  (stable  cavity) 

b)  plano-plano 

c)  unstable  cavity  :  convex  -  concave 

Concave  is  Rmax  ;  the  radius  of  curvature  is  RCC.  Convex  is  the  output  mirror.  It  is  a  meniscus  with  the  same 
radius  of  curvature  RCX  on  both  sides. 

M  =  RCC  /  RCX 


M 

DIMENSION  *  (mm) 

REFLEXION  RATIO  (%) 

1.25 

76x50 

10 

1.7 

55x36 

17 

2.45 

38x25 

40 

*  Dimension  of  the  central  zone  of  convex  diopter 


Not  as  in  the  usual  unstable  cavity,  the  output  mirror  is  partially  transparent  (and  partially  reflecting)  around  its 
center  and  totally  transparent  outside  this  zone  (anti-reflection  coated).  The  reflection  coefficient  R  of  the  center 
zone  is  related  to  the  optimum  reflexion  coefficient  R  in  a  plano-plano  cavity  by  the  relation  : 

R^RoptM^ 

The  frontier  between  the  central  zone  and  outside  can  be  sharp  or  soft.  The  size  of  the  central  zone  is  directly 
related  to  M.  All  the  coatings  are  inside  the  cavity  ;  outside  is  anti-reflection  coated.  In  this  case,  the  mirrors  are 
also  the  window  between  inside  cavity  and  outside.  We  can  also  put  windows  with  anti-reflection  coating  and  an 
angle  of  about  6°  ;  in  this  case,  the  mirrors  are  in  the  air  and  are  easier  to  be  precisely  tuned. 


2.4)  Measurement 

Energy  is  measured  by  a  calorimeter  with  Pelletier  element ;  this  calorimeter  has  a  cross  section  of  13  x  13  cm^  and  is 
calibrated  with  a  calorimeter  Scientec  at  an  energy  level  of  about  lOJ.  We  print  the  beam  either  on  an  old  thermic  fax 
paper  or  on  "Kodak  linegraph"  paper.  Laser  pulse  is  measured  with  a  photo-diode  PIN  3D  connected  to  a  multi-way 
oscilloscope  Tektronix  TDS420  or  TDS520.  Current  is  measured  by  a  very  simple  set-up  made  by  SOPRA  in 
connection  with  the  same  oscilloscope. 


3.  RESULTS 


3.1)  Oscillator 

As  reported  in  previous  works^,  one  module  gives  a  maximum  of  22J  per  shot  with  a  plano-plano  (M  =1)  cavity  with 
an  efficiency  of  2  %  ;  the  pulse  duration  is  200  ns  Full  Width  Half  Maximum  (FWHM).  We  obtain  the  same  energy 
value  with  stable  and  different  unstable  cavities  (M  =  1  ;  M  =  1 .2  ;  M  =  1 .7).  Higher  is  the  value  of  M,  smaller  is  the 
divergence  of  the  oscillator,  but  higher  is  the  coherence  degree.  Often,  we  have  to  choose  the  best  compromise. 

Convex  mirror  with  sharp  edges  between  outer  and  central  zone  gives  diffraction  fringes.  The  same  mirror  with  soft 
edges  (about  2  mm  edges)  decrease  very  much  these  fringes,  again  with  the  same  energy.  Furthermore,  there  are  no 
holes  in  the  print  of  the  beam.  This  is  much  better  to  homogenize  the  beam  after. 

For  M  =  1.7,  we  obtain  a  beam  divergence  of  typically  63  prad  and  120  prad  in  the  2  orthogonal  directions  (100  prad 
and  1 80  prad  at  the  maximum  energy). 


3.2)  A)  :  Oscillator  +  first  amplifier 

We  confirm  that  the  delay  to  obtain  pulse  laser  or  amplification  from  a  given  time  to  changes  with  : 

a)  the  high  voltage  applied  to  the  laser  electrodes 

b)  partial  pressure  of  the  mixture  Xe,  HCl,  Ne 

c)  distance  between  the  laser  electrodes. 

It  probably  changes  also  with  the  quality  of  the  preionization.  We  take  that  into  account  by  matching  the  delay  between 
oscillator  and  amplifier  at  the  optimum  when  a),  b),  or  c)  changes.  So  we  verify  that  the  amplifier  is  well  in  saturated 
amplication  regime  i.e.  amplifier  gives  about  the  same  extra  energy  when  the  imput  energy  varies  a  little.  A  module 
give  about  the  same  energy  when  it  is  amplifier  or  oscillator. 


B)  Oscillator  +  first  amplifier  +  second  amplifier. 

When  oscillator  and  first  amplifier  are  correctly  tuned,  we  take  them  like  a  big  oscillator  ;  so  we  applied  the  same 
procedure  as  in  A)  to  match  the  delay  of  the  second  amplifier.  The  second  amplifier  gives  again  its  own  contribution  in 
saturated  amplification  regime,  but  some  energy  is  lost  between  each  module  ;  these  losses  are  due  to  divergence  of  the 
beam  and  edges  of  the  amplifiers  and  to  partial  reflexions  on  the  windows  and  lenses. 


163 


At  the  output  of  the  second  amplifier,  a  maximum  of  energy  of  60J  has  been  obtained  and  52  J  is  typically  obtained.  The 
pulse  duration  is  typically  200  ns  (FWHM) ;  but  when  changing  some  conditions,  pulse  duration  can  vary  from  180  ns 
to  250  ns.  With  some  extra  set-up,  we  can  vary  the  pulse  duration  from  35  ns  to  250  FWHM  ;  in  this  case,  up  to  now, 
energy  is  reduced.  In  single  pass,  it  is  reduced  proportionnally  to  the  duration  ;  in  multipass,  energy  is  increased. 


4.  APPLICATIONS 

Main  applications  for  this  laser  is  Single  Shot  Excimer  Laser  Annealing  (SSELA),  surface  treatment,  shock  hardening 
and  X-Ray  generation.  SSELA  and  surface  treatment  claim  a  very  good  homogeneity  of  beam  ;  shock  hardening  and 
X-Ray  generation  claim  a  high  energy  per  cm^  in  a  window  of  time  of  10  to  40  ns  for  shock  hardening  and  1  to  5  ns  for 
X-Ray  generation. 

Unstable  cavities  give  about  the  same  energy  and  reduce  a  lot  divergence  with  200  ns  ;  at  1  ns,  it  is  more  difficult  The 
first  experiments  in  shock  hardening  are  full  of  hope. 


SOPRA  makes  homogenizers  which  give  an  almost  flat  ±  2  %  energy  density  on  a  surface  of  12  x  16  cm^  for  SSELA. 
We  have  to  put  it  in  vacuum  to  avoid  self  focussing  and  plasma  creation. 


Annealing  of  amorphous  silicon  is  a  process  to  convert  amorphous  silicon  (a-Si)  into  poly  crystalline  silicon  (poly*  Si), 
it  is  a  melt-crystallization  process  and  it  is  necessary  to  increase  the  n  and  p  mobility  of  a-Si.  This  application  is 
described  in  reference^. 

These  three  modules  and  process  in  clean  room  and  analysis  by  Spectroscopic  Ellipsometry  are  driven  by  a  o’itrol 
command  system  for  an  industrial  use  24  hours  a  day. 
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ABSTRACT 

For  high  repetition  operation  of  excimer-lasers  care  has  to  be  taken  of  the  changing  performance  of  the  electrical 
circuit,  gas  dynamic  effects  and  contamination  of  the  gas  mixture  to  avoid  deterioration  of  the  laser  performance.  The 
parameters  that  influence  the  stability  of  the  discharge  are  discussed.  With  ihe  proper  settings  IkW  of  average  power  can  be 
reached. 

Keywords:  high  power  excimer  laser.  XeCMascr,  long  pulse  UV-laser. 

1.  INTRODUCTION 

The  discharge  in  a  XeCl-laser  is  inherently  unstable.  Therefore  the  laser  can  only  be  operated  in  a  pulsed  mode  To 
obtain  a  high  average  power  the  energ\  per  pulse  or  the  pulse  repetition  frequenc>'  (PRF)  can  be  increased.  At  NCLR  a 
IkW  XcCl-lascr  is  being  developed  with  a  pulse  energ\  of  1  joule  and  a  PRF  of  1()00  Hz.  For  industrial  applications  the 
laser  must  have  a  high  degree  of  rcliabilit>  with  long  lifetime  of  components  and  the  operation  costs  should  be  low  .  To 
reach  this  goal  a  smooth  and  matched  discharge  is  essential  and  the  flow  to  refresh  the  gas  between  the  electrodes  within  a 
millisecond  must  be  uniform.  A  spiker  sustainer  circuit  fulfils  the  demands  required  for  a  stable  discharge  This  s>stem  will 
be  described  and  the  parameters  that  influence  the  stabilin  of  the  discharge  are  discussed. 

2.  DISCHARGE  CIRCUIT 

The  discharge  volume  in  the  NCLR  laser  is  2.5  x  2  x  80  cm3  (gap  x  width  x  length).  The  laserhcad  is  enclosed  in  a 
con\cntional  flow  loop  that  can  provide  a  flow  speed  of  70  m/s  between  the  electrodes,  sec  figure  1.  The  gas  mixture 
consists  of  about  1  mbar  HCI,  10  mbar  Xe  and  5  bar  Ne  as  a  buffergas. 


Main  pow  er  supply 


fig.  I:  set-up  of  the  IkW  XeCl-laser. 


The  discharge  is  build  up  in  three  phases  First  the  gas  is  pre-ionised  b)  X-rays.  Then  a  spiker-sustainer  also  called  a 
prepulsc  main-pulse  circuit  provides  a  fast  high  voltage  pulse  to  breakdown  the  gas  followed  by  the  main  current  pulse  at 
matched  voltage  to  deposit  the  stored  energy  into  the  discharge. 
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output  as  function  of  the  X-ray  gun  voltage. 

With  a  space  charge  limited  current  the  dtyse  is  proportional 
to  the  7  2^  power  of  the  voltage. 


The  X-rays  arc  generated  in  an  external  source  and  penetrate  the  laser  chamber  through  a  1mm  windov^  in  the 
anode  The  collimated  X-ray  beam  pre-ionises  the  laser  gas  homogeneousl)  The  \*idth  of  the  discharge  is  mainly 
determined  by  the  width  of  the  X-ray 
window.  The  profile  of  the  electrical 
field,  as  determined  by  the  shape  of  the 
electrodes,  is  less  important  than  in  case 
of  UV  pre-ionisation  where  the  whole 
volume  between  the  electrodes  is  pre- 
ionised  With  a  separate  X-ray  source 
there  are  no  auxiliaiy'  electrodes  that 
disturb  the  electrical  field  or  the  gas  flow 
or  contaminate  the  gas  as  they  wear. 

To  have  a  stable  discharge  a 
minimum  dose  of  X-rays  is  needed. 

During  the  prepuisc  the  pre-ionisation 
electrons  are  multiplied  in  an  avalanche 
process.  The  pre-ionisation  electrons 
density  must  be  high  enough  that  the 
heads  of  the  avalanches  from  individual 
pre-ionisation  electrons  overlap.  fig 

Increasing  the  X-ray  dose  docs  hardly 
add  to  a  more  stable  discharge  with  more 
output  as  shown  in  figure  2. 

The  second  step  is  the  avalanche  of  the  electrons  by  the  pre-pulse  or  spiker  The  high  voltage  pulse  must  have  a  short 
rise  time  to  obtain  a  homogeneous  breakdown  of  the  laser  gas  With  a  slow  rise  lime  the  breakdown  can  occur  at  one  spot 
and  cause  a  voltage  collapse  before  the  breakdown  on  the  whole  discharge  area  occurs  To  obtain  a  short  rise  time  a  pulse 
compressor  is  inserted  in  the  prepulse 
circuit  The  capacitors  of  the  pulse 
compressor  are  charged  relatively  slowiy 
to  a\'oid  a  high  peak  current  in  the 
thyralron.  When  the  capacitors  are 
charged  the  ferrites  in  the  pulse 
compressor  saturate  and  the  capacitors 
quickly  discharge  into  the  peaking 
capacitors  close  to  the  lascrhead.  The 
ferrites  at  the  bottom  of  the  pulse 
forming  network  (PFN)  prevent  this 
voltage  pulse  from  disappearing  into  the 
low  impedance  PFN.  When  these  ferrites 
saturate  charge  is  quickly  transferred 
from  the  big  PFN  to  the  small  peaking 
capacitors^  resulting  in  a  high  voltage 
overshoot  and  the  breakdown  of  the  gas. 

Typical  w  aveforms  of  voltage  current  and 
output  at  this  mode  of  operation  known 
as  the  resonant  overshoot  mode^*^  are 
shown  in  figure  3. 

Finally  when  a  good  conducting  plasma  is  formed  the  PFN  is  discharged  and  the  XeCl-ntolcculcs  arc  formed  to  give 
the  UV-laserbeam  The  PFN  must  be  charged  to  twice  the  stead)  state  voltage  of  the  discharge  to  achieve  a  matched 
discharge  with  no  ringing  of  the  current  With  a  higher  voltage  the  output  will  be  higher  but  with  a  ringing  current  the 
discharge  will  end  in  an  arc.  At  high  PRf  these  arcs  will  lead  to  se\ere  erosion  of  the  electrodes  and  contamination  of  the 
gas. 
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fig  typical  wm^eforms  of  the  overshoot  mode. 
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3.  DISCHARGE  STABILITY 

Two  parameters  wiih  a  strong  influence  on  the  discharge  stabilin  will  be  discussed  These  parameters  arc  the  HCl- 
concentration  and  the  gasflow. 


3.1  HCI-conccnlnilion 

Due  to  the  high  attachment  rate  of  electrons  to  HCI-molccuics  the  discharge  becomes  unstable  If  localls  the  initial 
electron  density  is  higher  than  ambient  the  electron  surplus  will  grou  as  described  b\  the  halogen  depletion  theory  of  Coutts 
and  Webb  The  lime  before  the  discharge  becomes  unstable  is  inversely  proportional  to  the  square  root  of  the  HCI- 
concentration  To  verify  this  relation  the  PFN 
is  configured  to  obtain  long  pulses  of  about 
500  ns.  When  the  HCl-conccntration  is 
increased,  the  discharge  becomes  unstable  and 

the  UV-pulse  tenninales  before  the  end  of  the  w 

current  pulse.  The  stability  time  is  defined  as 
the  time  between  the  onset  of  the  current  pulse 
and  the  end  of  the  U\  -pulse.  This  stability 
time  is  plotted  in  figure  4.  Below  a  HCI- 
pressurc  of  0.7  mbar  the  discharge  remains 
stable  and  the  stability  lime  is  just  the  duration 
of  the  current  pulse  For  higher  HCl-pressurcs 
the  stability  time  can  be  described  with  the 
fitted  square  root  curse  as  expected 

The  output  first  increases  with  the  HCl- 
pressure  because  the  gain  becomes  higher,  but 
with  higher  pressures  the  output  drops  because 
the  pulse  duration  gets  shorter.  For  efficient 
operation  the  HCl-concent ration  must  be 
chosen  within  a  very  limited  intcr\’al. 
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fig.  4:  sJahilit}’  time  and  output  as  function  of  the  HCl-pressure 


The  growth  of  instabilities  can  also  be  seen  in  the  cathode  layer  Due  to  the  high  energy  deposition  in  this  layer  hot 
spots  are  formed  on  the  cathode.  From  the  hot  spots  arcs  start  growing  into  the  discharge  as  can  be  seen  in  figure  5  These 
arcs  form  an  inhomogeneous  layer.  The  grow  rale  of  this  layer  depends  on  the  HCl-conccntration  as  plotted  in  figure  6. 


fig.  5:  picture  of  the  discharge 

M'ith  hot  spots  on  the  cathode. 


time  [ns] 

fig  6:  grow  rate  of  the  hot  spot  region 
from  the  cathode 


3.2  Gas  flow 

Before  the  next  shot  can  be  fired  the  hot  and  turbulent  used  gas  must  be  remoxed  and  fresh  homogeneous  gas  must  be 
provided  between  the  electrodes.  In  the  used  gas  long  living  ions  are  still  present  and  can  cause  a  premature  and  arcing 
breakdow  n  of  the  lasergas  Therefor  the  used  gas  must  be  blown  away  to  an  area  with  a  lower  electrical  field  some  distance 
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away  from  the  discharge  region.  The  clearing  ratio  is  defined  as  the  ratio  of  the  distance  the  used  gas  is  blown  away 
compared  to  the  discharge  width.  In  figure  7  can  be  seen  that  a  clearing  ratio  of  3  is  enough  for  a  wide  range  of  PRF.  This 
means  that  the  speed  of  the  gasflow'  is  linear  with  the  PRF.  With  an  interferometer  the  removal  of  the  used  gas  can  be  seen 
vcr\’  nicely.  The  used  gas  on  the  left  of  figure  8  is  turbulent  and  no  interference  can  be  seen.  On  the  other  hand  the  fresh  gas 
gives  a  nice  interferogram.  The  horizontal  line  in  figure  8  is  a  shockwave.  When  the  interferogram  is  filmed  with  a  gated 
camera  it  can  be  seen  that  this  shockwave  originates  from  the  cathode  and  bounces  between  the  electrodes  After  about  500 
ps  this  wave  has  disappeared.  The  shockwave  is  visible  not  only  in  the  used  gas.  but  also  in  the  fresh  gas  This  means  that 
the  shockwave  is  not  blown  away  by  the  gas  flow  For  1  kHz  operation  the  shockwaves  cause  no  problems,  but  for  a  PRF 
higher  than  2  kHz  the  shockwaves  might  form  a  serious  limit. 


Repetition  frequency  |  Hz] 

fig.  7;  minimum  required  clearing  ratio  interferogram  of  the  discharge  area  210  after 

for  an  arefree  discharge,  discharge.  Left  the  used  turbulent  gas,  right 

fresh  homogeneous  gas  is  flowing  in.  A  shock 
wave  bouncing  between  the  electrodes  (on  top 
and  bottom)  is  clearly  visible. 


In  the  now'  loop,  specially  near  the  discharge  region,  all  plastic  material  should  be  avoided.  The  UV-radiation  from 
the  discharge  will  decompose  the  plastics  which  leads  to  contamination  of  the  lascrgas  For  the  insulation  around  the  high 
\’oltagc  electrode  a  durable  material  like  ceramic  is  necessary  With  no  plastic  material  and  a  gentle  discharge  to  avoid 
erosion  of  the  electrodes  we  have  achieved  50  million  shots  in  total  with  the  same  gas  mi.xture  without  any  noticeable 
degradation.  Only  HCI  has  to  be  added  a  few  times. 

4.  PRESENT  STATUS 

It  has  been  demonstrated  that  in  our  laser  the  clearing  ratio  and  shockwaves  are  no  limiting  factors  for  operation  at  1 
kHz.  With  all  precautions  taken  to  obtain  a  matched  and  gentle  discharge  we  managed  to  operate  the  laser  for  long  times: 
10  minutes  at  1000  Hz  and  more  than  1  hour  at  500  Hz.  These  operating  times  are  limited  by  technical  failures  of 
components  like  the  power  supplies,  trigger  circuits,  the  X-ray  source  and  broken  cables.  With  an  unstable  resonator  the 
laser  has  been  used  for  application  experiments  and  demonstrated  the  high  efficiency  of  long  optical  pulses  for  micro¬ 
machining.  In  total  more  than  50  million  shots  are  taken  with  the  same  gas  mixture  with  no  degradation  of  the  gas. 

In  a  matched  discharge  the  pulse  energy  is  reduced  to  600  mJ.  To  re-establish  the  targeted  1 J  a  new  bigger  laserhead 
is  designed  and  built.  In  single  shot  this  laserhead  is  tested  and  gave  1.28  J  in  a  matched  discharge.  The  next  step  will  be  to 
install  this  new^  laserhead  in  the  flowloop  for  operation  at  high  PRF  and  to  demonstrate  1  kW  of  average  power. 
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ABSTRACT 


An  excimer  laser  in  master  oscillator  power  amplifier  (MOPA)  configuration  (E  =  2.3  J,  t  =  25  -  50  ns,  f  =  10  Hz)  was  used 
for  shock  treatments  of  metallic  samples.  The  process  was  studied  and  optimised  using  physical  investigations  concerning 
the  pressure  development.  The  effect  of  the  laser  treatment  on  the  microstructure  of  the  material  could  be  demonstrated  by 
micrographs  of  irradiated  samples  and  could  be  quantified  by  roughness  and  hardness  measurements  as  well  as  by  residual 
stress  analysis. 

Keywords:  shock  hardening,  XeCl  laser,  pressure  measurement 


1.  INTRODUCTION 


For  strengthening  of  metals,  depending  on  their  chemical  deposition  different  methods  are  applied.  Conventional  techniques 
(with  exception  of  cold  forming)  all  include  thermal  processing  steps,  which  principally  cause  deformation  of  the 
component  and  thus  a  mechanical  after  treatment  is  necessary.  Using  cold  forming  techniques  (e.g.  shot  peening)  a 
treatment  of  finished  components  is  not  possible  due  to  the  deterioration  of  the  surface  quality. 

That  is  the  point  of  departure  for  laser  shock  treatment.  This  method,  which  was  developed  in  the  seventies  in  the  U.S.A.  \ 
was  realised  in  the  past  using  high  energy,  short  pulsed  solid  state  lasers  The  laser  pulse  was  used  to  generate  high 
temperature,  high  pressure  plasma  at  the  surface  of  the  irradiated  sample.  Due  to  the  high  pressure  (in  the  GPa  range)  a 
shock  wave  starts  propagating  into  the  sample.  A  modification  of  irradiating  directly  the  materials  siuface  is  the  confined 
ablation  configuration,  which  means  that  the  surface  is  coated  with  two  different  layers.  The  first  one  is  opaque  to  the  laser 
light  (e.g.  black  paint),  the  second  one  has  got  a  high  transmissivity  for  the  incident  laser  radiation  (e.g.  distilled  water  or 
quartz  glass).  The  benefits  of  such  a  confined  ablation  consists  of  a  significant  increase  of  pressure  due  to  the  trapping  of 
the  plasma  by  the  transparent  layer.  Furthermore,  the  easily  vaporised  absorptive  coating  protects  the  samples  surface,  thus 
no  crater  formation  occurs. 

Compared  to  the  solid  state  lasers  used  in  previous  investigations  (repetition  rates  «  1  Hz),  the  application  of  gas  lasers  for 
shock  treatments  would  reveal  the  step  to  more  adequate  processing  times  for  future  industrial  use.  The  presented  work  is  an 
approach  to  demonstrate  the  potentials  of  gas  lasers  for  shock  treatments  of  metals. 


2.  THE  EXCIMER  LASER  SYSTEM 


For  this  special  application  a  commercial  laser  which  has  all  desired  properties  is  not  available.  Either  lasers  with  high 
pulse  energy  which  have  a  high  beam  divergence  and  an  undesired  pulse  shape  or  lasers  which  keep  the  requests  regarding 
beam  divergence  and  pulse  length,  but  have  too  low  pulse  energy  can  be  bought  from  the  shelf  Thus,  a  laser  system  called 
MOPA  system  (master-oscillator-power-amplifier)  had  to  be  built.  An  oscillator  module  creates  a  laser  pulse  with  desired 
attributes  regarding  pulse  length  and  pulse  shape.  This  pulse  will  be  increased  in  energy  by  using  further  laser  modules. 
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In  order  to  accomplish  an  easy  implementation  in  industrial  production  processes,  the  conception  has  been  realised  by  using 
only  commercial  products.  Aji  EMG  150  ES  from  Lambda  Physik  was  used  as  oscillator,  and  in  the  final  version  of  the 
MOPA  chain  two  XP2020  from  Rofin  Sinar  as  amplifiers. 
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Fig.  1.  Scheme  of  the  experimental  set-up. 

The  scheme  of  the  optical  set-up  of  the  MOPA  system  is  shown  in  figure  1.  The  EMG  150  was  used  with  its  original  optics  - 
an  unstable  resonator,  the  XP  2020  was  fitted  with  a  Cassegrain’s  telescope.  The  synchronisation  was  realised  by  using  an 
electronic  four  channel  delay  generator  from  EG&G  Model  9650.  It  is  also  possible  to  install  a  dynamical  regulation  system 
with  an  accuracy  of  nanoseconds  to  improve  pulse  to  pulse  stability.  Such  a  system  is  normally  used  within  the  XP2020 
laser. 

The  beam  divergence  of  the  system  was  determinated  by 
copper  burnings.  For  this  the  laser  beam  was  attenuated 
and  focused  on  a  polished  copper  target.  The  copper 
burnings  were  analysed  under  a  microscope.  The  bounds 
of  the  laser  spot  interaction  zone  were  found  to  be  veiy 
defined,  so  that  an  energy  deposit  of  more  than  80  %  can 
be  estimated.  The  beam  divergence  was  calculated  to  be 
600  prad  in  the  first  version,  in  the  three  stage  version  a 
final  divergence  of  300  prad  was  obtained. 

The  most  important  advantage  of  this  construction  is  the 
possibility  to  vary  the  pulse  shape  of  the  laser  pulse.  While 
all  single  stage  systems  have  a  slow  rise  of  intensity  by 
reason  of  starting  oscillations,  systems  based  on  oscillator 
amplifier  construction  offer  a  much  faster  rising.  Figure  2 
shows  two  possible  pulse  shapes.  One  has  a  FWHM  of 
Fig.  2.  Pulse  shape  of  the  MOPA  system  (two  stage  system  30  ns  and  a  very  short  pulse  risetime  of  approximately  4 
-  dashed  lines  long  pulse  mode).  ns.  The  other  one  has  a  pulse  duration  of  50  ns  FWHM 

and  a  long  pulse  rise  of  10  ns. 


3.  PRESSURE  MEASUREMENTS 


In  literature  an  evident  correlation  between  materials  modification  and  achieved  maximum  pressures  has  been  reported'*.  In 
order  to  measure  the  maximum  pressures  and  the  temporal  development  of  the  laser  induced  pressure  pulses  we  have 
carried  out  measurements  by  means  of  piezoelectric  gauges  (PVDF  -  Sensor,  Type  M  -  25  -  01  -  PL).  In  figure  3  a)  a 
scheme  of  the  experimental  set-up  is  given. 
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Fig.  3.  a)  Scheme  of  the  arrangement  for  the  pressure  measurement,  b)  Typical  piezo  probe  signal  with  the  calculated 
pressure  pulse  (dashed  lines).  Parameters:  35  ns  MOPA  (version  1)  pulse,  spot  ^ameter  1.2  mm,  water  confinement. 

The  signals  of  the  piezoelectric  gauge  were  calibrated  with  respect  to  the  acoustic  impedances^  of  the  different  layers  in  the 
experimental  set-up.  A  low  inductive,  passive  integrating  system,  consisting  of  a  50  Q  resistance  and  8  parallel  grounded 
capacitors  of  3.3  nF  each,  was  used  at  the  input  of  the  oscilloscope.  In  order  to  calibrate  the  passive  integrator  the  pressure 
signal  was  compared  with  a  numerically  integrated  piezo  probe  signal.  Both,  pulse  shape  and  maximum  amplitude  were 
identical  within  an  error  of  2  %.  This  method  allowed  us  a  very  fast  analysis  of  die  experimental  data. 

In  figure  3  b)  a  typical  piezo  probe  signal  and  the  numerically  calculated  pressure  pulse  is  shown.  It  is  necessary  to  realise, 
that  the  pressure  is  measured  underneath  an  aluminium  target  of  1,0  mm  thickness.  In  order  to  evaluate  a  realistic  value  for 
the  peak  pressure  which  is,  under  normal  condition  applied  on  a  workpiece,  the  measurement  of  the  attenuation  with  respect 
to  thickness  of  the  target  was  carried  out.  This  results  enabled  us  to  give  an  estimation  for  the  applied  pressure  pulse  on  the 
target  surface. 


MOPA  (two  stage) 

MOPA  (three  stage) 

laser  pulse  energy 

1.1  Joule 

2.3  Joule 

spot  diameter 

1,2  mm 

2.0  mm 

pulse  length 

25  -  30  ns 

45  ns 

confinement 

water 

water 

max.  measured  pressure 

6  kbar 

10  kbar 

attenuation  factor 

1.9 

1.9 

calculated  max.  pressure  on  target  surface 

11  kbar 

19  kbar 

Table  1.  Main  parameters  for  pressure  measurement  experiments  using  the  MOPA  systems. 


4.  LASER  SHOCK  TREATMENT  OF  METALS 


The  effect  of  laser  shock  treatment  on  the  material  (titanium,  stainless  steel  1.4301)  was  studied  after  irradiating  samples  in 
direct  and  confined  ablation  (black  paint,  distilled  water)  configuration.  The  power  density  in  the  studies  was  8  GW/cm^ 
realised  by  the  two  stage  laser  system  (laser  spot  diameter  0.8  mm).  Working  with  this  relatively  small  laser  spots,  an  one 
dimensional  propagation  of  the  generated  shock  wave  is  only  expected  for  the  first  0.4  mm.  In  deeper  zones  below  the 
surface  three  dimensional  effects  can  not  be  neglected  anymore.  Due  to  the  attenuation  of  the  shock  wave  the  peak  pressure 
decreases  below  the  yield  strength  of  the  treated  material,  which  marks  the  threshold  for  plastic  deformation.  In  order  to 
increase  the  plastically  affected  depth  the  number  of  laser  impacts  were  accumulated  in  the  experiments. 
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After  scanning  a  polished  and  recrystallized  titanium  sample  (  8  GW/cm^,  8  pulses)  with  several  overlapped  laser  pulses 
(overlap  rate  40  %)  a  structural  modification  of  the  surface  occurred  (Fig.  4  a).  The  grains  react  to  the  pressure  uith  the 
titamum  typical  twinning.  The  depth  of  the  shock  affected  zone  depends  on  the  number  of  pulses  and  could  be  increased 
from  350  pm  (8  pulses),  over  450  pm  (16  pulses)  up  to  550  pm  (32  pulses).  The  increase  of  the  plastically  affected  depth 
with  the  number  of  laser  pulses  shows  a  non  linear  behaviour.  This  cou.  '  e  an  indication  that  the  shock  wave  propagation 
has  already  reached  a  three  dimensional  condition.  Thus,  a  further  i  .  Tcase  of  the  affected  zone  can  not  be  realised 
effectively  by  accumulating  further  laser  impacts. 


Fig.  4  a)  Microstructural  modification. 


b)  Hardness  profile  perpendicular  to  the  surface. 


Vickers  microhardness  measurements  have  been  performed  for  an  irradiation  with  16  pulses  in  confined  ablation  (8 
GW/cm^).  The  hardness  measurements  were  tested  at  the  surface  and  perpendicular  to  the  surface.  At  the  surface  of  the 
treated  sample  an  average  hardness  of  181  HV  0.025  was  measured  compared  to  140  HV  0.025  of  an  untreated  surface.  The 
in  depth  hardness  profile  is  depicted  in  Fig.  4  b).  For  the  investigated  titanium  sample  shock  treatment  only  creates  an 
hardness  increase  of  maximum  30  %  in  the  first  50  pm  below  the  surface. 


Residual  stresses  were  analysed  after  a  laser  shock  treatment  (8  GW/cm^,  8  pulses)  of  stainless  steel  samples  in  direct  and 
confined  ablation  method.  In  case  of  direct  ablation  method  a  laser  treatment  induces  tensile  residual  stresses  of  +  210  MPa 
at  the  surface  due  to  the  thermal  effects  of  the  laser  irradiation.  After  10  pm  electrolytic  polishing  the  tensile  stresses  are 
inverted  to  compressive  stresses  of -180  MPa.  When  using  the  confined  ablation  configuration,  laser  shock  application  acts 
as  a  pure  mechanical  treatment  on  the  sample  and  a  thermal  effect  can  be  excluded.  The  shock  treatment  results  in 
compressive  stresses  at  the  surface  of  the  specimen  of  -  350  MPa. 


5.  CONCLUSION 

An  excimer  laser  in  MOPA  configuration  seems  to  be  an  interesting  system  for  laser  shock  processes  which  were  mainly 
reserved  in  the  past  for  Q-switched  Nd  :  YAG  prototype  lasers  with  poor  repetition  rates.  Using  excimer  lasers  with  the 
advantage  of  higher  processing  speeds  could  help  to  introduce  laser  shock  treatments  to  future  industrial  applications. 
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ABSTRACT 

A  high-power  industrial  CO2  laser  with  fast  axial  gas-flow  was  set  up  with  eight  radio-frequency-excited  discharge  tubes 
and  four  turbo-blowers.  With  an  unstable  resonator  the  maximum  output  power  is  25  kW.  The  gas  flow  and  the  electrodes 
for  the  rf-excitation  were  shaped  carefully  to  achieve  homogeneous  gas  discharges  and  thus  an  active  medium  that  intro¬ 
duces  only  minor  aberrations  into  the  beam  of  the  unstable  resonator.  The  beam  propagation  behaviour  near  focus  was  stud¬ 
ied  for  a  diagnostic  optics  with  long  focal  length  and  for  processing  optics  with  shorter  focal  lengths,  respectively.  Various 
welding  applications  in  mild  steel  and  stainless  steel  were  carried  out. 

Keywords:  industrial  CO2  laser,  fast  axial  gas  flow,  rf-excitation,  unstable  resonator,  aerodynamic  window,  materials  pro¬ 
cessing,  welding 


1 .  SET-UP  OF  THE  LASER  DEVICE 


A  picture  of  the  laser  device  is  shown  in  Fig.  1.  The  laser  is  of  the  fast  axial  flow  type^  The  cylindrical  silica  discharge 
tubes  are  excited  by  a  transverse  radio-frequency  (rf)  discharge.  The  tubes  and  the  blowers  are  arranged  in  four  flow- 
modules  containing  one  blower  and  two  discharge  tubes,  each.  The  length  of  the  discharge  tubes  is  800  mm,  the  tube  di¬ 
ameter  is  46  mm  and  the  length  of  the  helical  electrodes  is  600  mm.  Each  blower  has  a  volume  rate  of  3500  m^/h  at  an  input 
gas  pressure  of  120  hPa  and  a  pressure  ratio  of  1.6.  The  gas  mixture  is  80.2  %  He,  16.3  %  N2,  3.5  %  CO2.  The  flow- 
modules  are  mounted  in  parallel  in  a  square  cross-section  on  a  central  stainless  steel  tube,  which  also  carries  the  resonator 
end  mirrors  and  folding  mirrors  (Fig.  2).  This  arrangement  results  in  a  compact  overall  design  of  the  laser  device.  The  dis¬ 
charges  are  excited  by  two  rf-generators  with  a  maximum  output  of  100  kW,  each.  The  excitation  frequency  is  27  MHz.  A 
positive  branch  unstable  resonator  with  three  U-type  foldings  and  an  aerodynamic  window  are  used  for  power  extraction. 
The  optical  arrangement  of  the  aerodynamic  window  has  two  flat  folding  mirrors  and  two  parabolic  mirrors  for  focusing 
and  recollimating  the  laser  beam.  The  window  itself  is  of  the  free  vortex  type^. 


1  heat  exchanger  3  folding  mirrors  5  centra!  tube 

2  blower  4  resonator  mirror  6  discharge  tube 


Fig.  1:  Photograph  of  the  laser  device 


Fig.  2:  Sketch  of  the  laser  device  (side  view) 
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2 .  LASER  OUTPUT  CHARACTERISTICS 


The  output  beam  of  an  unstable  resonator  is  influenced  more  severely  by  fluctuations  in  the  active  medium  than  the  beams 
of  stable  resonators^.  Therefore,  in  preliminary  experiments,  the  discharge  and  gas  flow  were  optimised,  with  respect  to  the 
input  power  per  discharge  tube  and  the  optical  homogeneity,  by  choosing  appropriate  shapes  for  the  inlets  and  outlets  of  the 
tubes  and  the  rf-electrodes^’^.  These  experiments  were  carried  out  at  one  flow  module  only,  without  laser  activity.  The 
maximum  input  power  depends  on  the  mass  flow  rate  of  the  laser  gas.  Enhancing  the  mass  flow  rate  is  achieved  by  mini¬ 
mising  the  pressure  drop  in  the  gas  flow  circuit.  The  highest  pressure  loss  occurs  in  the  outlet  of  the  discharge  tubes,  which 
also  performs  the  remixing  of  the  separate  flows.  Thus,  optimising  the  flow  contour  of  the  outlet  is  essential  for  enhancing 
the  input  power  per  discharge  tube.  Additionally,  proper  shaping  of  the  inlet  geometries  of  the  discharge  tubes  is  important 
for  the  homogenisation  of  the  gas  discharge,  regarding  the  power  density  distribution  as  well  as  the  optical  properties  of  the 
active  medium.  The  degree  and  scale  of  the  turbulence  of  the  flow  and  the  resulting  fluctuations  in  the  refractive  index  of 
the  medium  depend  on  the  shape  of  the  inlet  geometries.  The  optimisation  of  the  gas  flow  resulted  in  a  maximum  input 
rf-power  of  30  kW  per  discharge  tube  and  a  minimised  variance  of  the  optical  path  difference  within  the  tube  diameter  of 
0.3  p,m  per  flow  module,  measured  at  632  nm. 

When  operated  with  the  unstable  resonator,  the  maximum  input  rf-power  is  160  kW,  resulting  in  a  maximum  output  power 
of  25  kW.  Long  term  fluctuations  of  the  output  power,  measured  with  a  calorimeter  within  an  interval  of  four  hours,  were 
less  than  2  %.  The  resonator  length  is  11.8  m,  the  curvatures  of  the  convex  and  concave  resonator  mirrors  are  -25  m  and 
32  m,  respectively.  The  bore  diameter  of  the  scraper  mirror  is  16  mm.  With  an  outer  aperture  diameter  of  46  mm  the  magni¬ 
fication  of  the  unstable  resonator  is  M  =  2.9.  The  beam  propagation  behaviour  was  measured  near  the  focus  of  a  focusing 
optics  with  two  spherical  mirrors  with  a  focal  length  of  1 .25  m,  which  was  specially  designed  for  beam  diagnostic  purposes. 
Fig.  3  shows  a  power  density  distribution  near  the  waist  of  the  focused  beam.  The  beam  diameter  was  determined  at  diffe¬ 
rent  positions  along  the  propagation  (z-)axis.  At  each  z-position  an  averaged  power  density  distribution  was  recorded  with  a 
scanning  pin-hole  device.  The  beam  diameter  was  calculated  by  evaluating  the  second  moments  of  the  power  density  distri¬ 
bution.  The  numerical  integration  was  truncated  at  the  borders  of  the  measurement  windows,  respectively.  The  beam 
propagation  factor  is  determined  by  fitting  a  hyperbola  to  this  beam  diameters.  Measured  at  a  distance  of  one  meter  to  the 
laser  device,  the  beam  propagation  factor  is  K  =  0.33  (M^  =  3).  Fig.  4  shows  a  power  density  distribution  measured  at  a 
handling  unit  in  a  distance  of  10  m.  The  laser  beam  was  focused  by  parabolic  mirror,  which  was  used  for  materials  process¬ 
ing  applications,  in  this  case.  The  beam  propagation  factor  was  diminished  to  K  =  0.23  by  a  slight  misalignment  of  the 
focusing  mirror. 


Fig.  3:  Power  density  distribution  at  focus, 
23  kW,  window  size  3  mm  x  3  mm, 
f  =  1250  mm 


Fig.  4:  Power  density  distribution  with  slightly  mis¬ 
aligned  parabolic  mirror,  f  =  682  mm,  19  kW, 
distance  to  laser  10  m,  2  mm  x  2  mm 
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3 .  WELDING  APPLICATIONS 


Beams  of  unstable  resonators  are  well  suited  for  welding  applications^.  Care  has  to  be  taken  to  avoid  degradation  of  the 
beam  by  the  beam  guiding  system  and  the  focusing  optics.  The  phase  front  of  the  output  beam  of  unstable  resonators  gener¬ 
ally  is  very  smooth,  compared  to  the  phase  front  of  higher  order  beams  of  stable  resonators.  Small  aberrations,  induced  by 
the  beam  guiding  device  or  the  focusing  optics,  will  have  a  much  stronger  effect  on  the  penk  power  density  in  focus  for 
beams  of  unstable  resonators  than  for  multimode  beams  of  stable  resonators^.  The  astigmatism  (ratio  between  distance  of 
focal  points  and  Rayleigh  length)  caused  by  the  misalignment  of  a  parabolic  mirror,  corresponding  to  the  power  density 
distribution  shown  in  Fig.  4,  is  30  %.  The  central  lobe  of  the  power  density  distribution  is  changed  into  a  double  lobe.  Fig.  5 
compares  the  sensitiveness  of  beams  from  stable  and  unstable  resonators  to  the  astigmatism  caused  by  a  misalignment  of  a 
focusing  mirror.  The  curves  are  the  results  of  calculations  with  a  diffraction  algorithm  and  show  the  dependence  of  the  peak 
power  density  at  the  focal  point  and  of  the  beam  propagation  factor  on  the  degree  of  astigmatism  in  terms  of  the  peak-to- 
valley  optical  path  difference  (PV-OPD).  For  beams  of  unstable  resonators  the  maximum  power  density  can  already  be  re¬ 
duced  drastically,  even  when  there  is  no  measurable  degradation  of  the  beam  propagation  factor. 


PV--OPD  fiambdal  PV-OPD  Oambdal 


Fig.  5:  Calculated  peak  power  density  (left)  and  beam  propagation  factor  (right)  as  a  function  of  the  peak-to- valley 

optical  path  difference  (PV-OPD)  caused  by  the  astigmatism  of  a  misaligned  parabolic  mirror  for  different 
laser  beams  of  stable  and  unstable  resonators^ 

Welding  applications  were  carried  out  in  mild  steel  and  stainless  steel.  The  weld  penetration  was  superior  to  other  high 
power  laser  devices,  which  were  available  for  comparison.  Particularly,  at  higher  welding  velocities,  the  high  beam  quality 
enables  deep  weld  penetration  and  very  narrow  welds.  With  a  laser  power  of  19  kW  at  the  workpiece  20  mm  plates  of  mild 
steel  were  welded  with  a  welding  velocity  of  1.1  m/min  (Fig.  6).  At  a  velocity  of  5  m/min  the  weld  penetration  was  more 
than  1 1  mm.  The  properties  of  the  weld  seam,  for  example  the  width,  can  be  adjusted  by  varying  the  welding  parameters. 
High  quality  welds,  regarding  to  the  visual  appearance  of  the  welding  seams,  were  performed  in  high  strength  steel  (S355N) 
and  stainless  steel  (X  5  CrNi  1810)  for  plates  with  a  thickness  ranging  from  8  mm  to  20  mm.  The  welding  experiments  were 
carried  out  in  horizontal  position  (PC).  The  linearly  polarised  beam  was  focused  by  a  parabolic  mirror  (25  °)  with  a  focal 
length  f  =  715  mm.  Helium  with  a  flow  rate  of  30  1/min  was  used  for  plasma  suppression  and  for  general  shielding  of  the 
top  of  the  weld.  Argon  (10 1/min)  was  used  for  root  shielding  for  the  welding  of  the  stainless  steel. 

Cross  sectional  views  of  bead-on-plate  weldings  in  10  mm  plates  of  are  illustrated  in  Fig.  7.  Despite  of  the  similar  welding 
conditions,  the  cross  sections  of  the  welding  seams  are  different  due  to  the  different  heat  conduction  coefficients  of  the  ma¬ 
terials.  Particularly  for  the  stainless  steel,  the  width  of  the  weldings  is  very  narrow  and  comparable  to  a  width  achieved  with 
electron  beam  welding. 
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Fig.  6:  Cross  section  of  bead  -on-plate  welding  seem 
in  20  mm  high  strength  steel  S355N, 
laser  power  19  kW,  1.1  m/min 


Fig.  7:  Cross  sections  of  bead-on-plate  welding  seems 
in  10  mm  plates;  laser  power  12  kW 
left:  high  strength  steel  S355N,  1 .4  m/min; 
right:  stainless  steel  X  5  CrNi  1810, 1.5  m/min 


4  .CONCLUSIONS 

A  fast  axial  flow  C02daser  with  rf-excitation  delivers  25  kW  laser  power  in  a  beam  with  high  focusability,  utilising  a  posi¬ 
tive  branch  unstable  resonator  and  an  aerodynamic  window.  Care  has  to  be  taken  to  avoid  degradation  of  the  beam  by  the 
beam  guiding  device  and  the  focusing  optic,  since  beams  from  unstable  resonators  are  more  sensitive  to  aberrations  than 
multimode  beams  from  stable  resonators.  The  high  focusability  enables  comparably  deep  weld  penetration  and  very  narrow 
weldings  at  high  welding  velocities. 
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Excitation  frequency  effect  n  a  fast  axial  flow  laser  with  a  narrow  gap  slab  RF  discharge 
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ABSTRACT 

A  rectangular  cross-section  flow  tube  has  bt  .'i  .-sed  in  the  fast  axial  gas  flow  configurati.  n  to  investigate  the  excitation  of  the 
CO2  laser  with  narrow  electrode  gap  RF  discnarges.  Stable  discharges  at  a  power  densi^  of  80  W.cm'-^  have  been  obtained, 
and  the  influence  of  excitation  frequency  in  the  range  27  to  125  MHz  investigated.  No  localised  thermal  instability  has  been 
detected,  and  discharge  shrinkage  at  high  frequency  is  the  main  frequency  dependent  effect  found.  A  beam  power  of  132 
W.cm  per  discharge  section  has  been  obtained.  Current  density  measurements  have  confirmed  that  conditions  similar  to 
planar  waveguide,  diffusion  cooled  CO2  lasers  are  attained. 

Keywords:  CO,  laser,  fast  axial  gas  flow,  rf  excitation,  slab  shaped  laser  medium. 

1.  INTRODUCTION 

Recently,  the  development  of  high  average  power  CO,  lasers  has  been  following  two  distinct  paths.  For  very  high  powers 
(>10  kW),  fast  axial  flow  designs  are  using  large  diameter,  circular  cross  section  discharges  and  RF  excitation  to  achieve  stable 
discharges  at  both  high  power  density  and  flow  velocity.  Care  over  both  the  fluid  dynamics  and  discharge  electrode  shaping  has 
allowed  25  kW  to  be  produced  from  8  discharge  sections  in  series,  with  good  beam  quality  [1,2].  Whilst  improvements  in  the 
size  of  gas  pumps  and  in  heat  exchanger  design  have  been  made  recently,  such  lasers  remain  of  large  physical  volume.  For 
powers  in  the  1  to  10  kW  region,  efforts  are  being  placed  more  on  diffusion  cooled  lasers,  where  RF  excitation  com'  -“.  d  with 
one-dimensional  waveguiding  allows  very  compact  multi-kilowatt  lasers  to  be  constructed  [3,4],  which  can  opera*  ■  4ed- 
off  mode  and  which  require  no  pumps  or  heat  exchangers.  Table  1  compares  the  key  properties  of  the  two  laser  app-  ., 


RF,  fast  axial  flow 

Planar  waveguide,  diffusion  cooled 

Discharge  cross-scclion 

<46  mm  diameter 

mm  X  <  200  mm 

Electrical  power  densit\ 

-20  W.  cm-'' 

60  to  70  W.cnr  ’ 

Operating  pressure 

--  85  torr 

100  torr 

Generator  frcqucnc\ 

13  or  27  MHz 

80  to  125  MHz 

Mass  flow  per  kilowatt  output 

1 8  kg/hour 

None 

Max.  output  per  discharge  section 

3kW 

2.5  kW 

Resonator 

2-d  unstable,  annular  beam 

1-d  unstable 

Table  1 .  Comparison  of  fast-flow  and  diffusion  cooled  laser  properties 


In  this  paper,  we  investigate  a  laser  configuration  which  is  intermediate  between  the  two  approaches  outlined  above,  and  which 
aims  to  combine  the  better  aspects  of  each.  Fast  axial  gas  flow  in  a  high  aspect  ratio  reclangiilar  flow  tube  is  used.  This  means 
that  the  beam  power  may  be  increased  in  proportion  to  the  width,  with  a  1-d  unstable  resonator  similar  to  that  of  the  planar 
waveguide  diffusion  cooled  laser.  With  current  flow  across  the  narrow  direction  of  the  flow  tube,  both  higher  pressure  and 
higher  power  density  discharges  are  possible  without  the  thermal  instabilities  found  in  the  large  cross  section  flow  lasers.  Thus 
it  may  be  possible  to  increase  tbe  pressure  to  obtain  an  increased  mass  flow  per  unit  area  of  beam,  to  counter  the  limitation  of 
gas  velocity  to  less  than  the  sound  speed  in  the  axial  flow  configuration.  A  single  discharge  section  laser  is  reported  here  which 
is  used  to  provide  preliminary  data  on  this  concept. 

2.  LASER  CONSTRUCTION 

Figure  1  shows  the  essential  features  of  the  laser.  The  rectangular,  fused  silica  flow  tube  has  internal  dimensions  300  mm  x  50 
mm  X  5  mm  and  3  mm  wall  thickness  and  has  integral  input  and  output  tapered  sections.  The  discharge  within  the  tube  is  200 
mm  long,  created  by  external  plane  electrodes.  The  gas  flow  loop  has  a  Roots  pump,  fitted  with  an  electronic  speed  control, 
giving  1000  mVhour  free  displacement  at  50  Hz  electrical  frequency.  A  "Torbar  "  averaging  pitot  gauge  is  used  for  flow 
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velocity  measurements,  and  pressures  and  gas  temperatures  around  the  loop  are  recorded.  Current  density  is  monitored  at  four 
points  in  the  discharge  by  probes  built  into  the  lower  electrode.  A  stable  resonator  with  8%  output  coupling  is  used  in  these 
preliminary  studies,  giving  fundamental  transverse  mode  and  multiple  lateral  mode  operation.  The  gas  mixture  is  70%  He:20% 
N2:10%  CO7  for  all  the  results  reported  here. 


Fig.  1  (a)  Laser  discharge  region  Fig.  1  (b)  Gas  flow  loop 


3.  GAS  FLOW  MEASUREMENTS 

The  pressure  drop  across  the  narrow  gap  flow  section  has  been  measured  as  a  function  of  gas  flow,  pressure  and  discharge 
power.  With  mean  pressures  within  the  loop  less  than  1 00  torr,  a  fundamental  limit  to  gas  flow  is  reached  where  the  mean  exit 
gas  velocity  approaches  the  sound  speed  as  shown  in  figure  2(a).  This  choking  limit  is  described  in  detail  by  Pfeiffer  ei  al.  [2] 
for  a  large  diameter,  circular  cross  section  laser.  Increasing  pump  rotor  speed  serves  mainly  to  increase  pressure  drop  as  this 
limit  is  reached.  For  higher  pressures,  a  second  more  technical  limit  is  found,  shown  in  Fig.  2(b).  The  maximum  rotor  speed 
becomes  limited  by  the  electric  motor  current  capability,  and  the  choking  limit  is  not  attainable  at  maximum  pump  power. 
However,  the  maximum  mass  flow  does  continue  to  increase  progressively  as  higher  fill  pressures  are  used,  up  to  300  torr.  Fig. 
2(b)  shows  also  the  increased  pressure  drop  caused  by  the  introduction  of  RF  power  into  the  flow. 


0  10  20  30  40  0  20  40  60  80 


Rotor  Speed  (Hz)  Pressure  drop  (Torr) 

Fig.  2(a)  Mass  flow  with  varying  pump  rotor  speed,  Fig.  2(b)  Mass  flow  variation  with  pressure  drop  across  the 

showing  limit  as  exit  gas  velocity  approaches  Mach  1 .0  discharge  section 

3.  EXCITATION  FREQUENCY  EFFECTS 

An  important  issue  in  the  operation  of  RF  excited  CO2  lasers  is  the  choice  of  frequency.  Generators  have  lower  cost  at  lower 
frequency,  but  in  the  case  of  fast  flow  lasers  using  silica  dielectric  tubes,  low  frequencies  (<13.6  MHz)  result  in  very  high 
external  electrode  voltages  when  a  high  current  density  is  required.  For  diffusion  cooled  lasers  with  metallic  electrodes,  the 
discharge  current  density  is  controlled  only  by  the  series  capacitance  of  ion  sheaths.  For  ~2  mm  gap  waveguide  devices,  the  ion 
sheaths  have  the  correct  series  ballast  property  only  at  -100  MHz,  where  unwanted  power  loss  in  the  sheaths  is  small,  and 
sheath  voltages  are  low  enough  to  avoid  the  a  to  y  sheath  breakdown  instability  [5].  The  fast  flow  slab  is  required  to  operate  at 
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the  high  current  density  characteristic  of  waveguide  slab  lasers,  but  with  about  three  times  the  plasma  column  length.  In  this 
case,  there  is  increased  possibility  of  thermal  filamentation  since  the  plasma  voltage  may  now  be  comparable  with  the  sheath 
voltage  drop.  However,  there  is  also  a  total  thickness  of  6  mm  of  silica  and  ~1  mm  of  air  in  series  with  the  discharge  which 
acts  to  control  the  current  density  for  large  scale  length  instability,  and  which  dominates  the  effects  due  to  ion  sheaths. 
Furthermore,  it  is  not  clear  that  the  alpha  type  of  ion  sheath  properties  can  survive  in  the  high  velocity  gradients  next  to  the 
wall  of  the  narrow  gap  fast  flow  laser. 


Fig.  3  Laser  output  at  maximum  gas  flow  for  three  Fig.  4  Minimum  power  density  for  a  stable  uniform 

excitation  frequencies  discharge 


In  view  of  these  frequency  dependent  issues,  the  laser  and  electrical  properties  of  the  discharge  section  have  been  studied  at 
three  fixed  frequencies,  27  MHz,  49  MHz  and  125  MHz,  to  compare  both  discharge  stability  and  laser  efficiency.  Fig.  3  shows 
a  comparison  of  laser  power  measurements,  taken  at  the  maximum  flow  rate  achievable  for  each  of  the  pressures  noted.  For  all 
three  frequencies,  the  slope  efficiency  is  approximately  10  %  and  the  turnover  in  the  power  corresponds  to  the  gas  temperature 
at  the  output  of  the  discharge  reaching  -600  K.  However,  the  range  of  pressures  and  power  inputs  that  can  be  used  changes 
with  frequency.  For  125  MHz,  there  is  difficulty  in  obtaining  uniform,  fully  lit  discharges  and  the  data  is  restricted  to  low 
pressures,  with  low  mass  flow  in  the  choking  limit.  For  27  MHz,  fUlly  lit  discharges  with  good  visual  uniformity  could  be 
obtained  at  up  to  300  torr  with  5.8  kW  input,  however  in  this  case  the  gas  exit  temperature  is  too  high  for  efficient  laser 
operation.  No  evidence  of  discontinuous  changes  in  current  density  corresponding  to  an  a  to  y  transition  or  visual  evidence  of 
small  scale  filamention  is  found  at  all  three  frequencies. 

Fig.  4  shows  the  operating  envelope  of  the  slab  discharge  in  terms  of  pressure  and  discharge  power  density.  The  upper  power 
density  limit  is  indicated  by  the  shaded  area  where  the  exit  temperature  exceeds  600  K  with  the  maximum  available  gas  flow. 
The  experimental  data  points  form  a  second  boundary,  below  which  the  discharge  shrinks  or  will  not  ignite.  The  increase  in  the 
minimum  power  density  for  stable  discharges  with  operating  frequency  is  the  most  significant  frequency  dependent  effect  found 
in  these  experiments.  It  may  represent  the  reducing  effectiveness  of  the  dielectric  ballast  at  the  highest  frequency,  where  the 
voltage  drop  on  the  dielectric  is  similar  in  magnitude  to  the  internal  plasma  voltage. 

4.  CURRENT  DENSITY  AND  PLASMA  VOLTAGE  MEASUREMENTS 

The  current  density  in  the  discharge,  J,  has  been  monitored  at  four  points  along  the  flow  direction  using  the  arrangement  in  Fig. 
5(a).  The  sensing  area  is  8  mm  in  diameter,  and  the  current  collected  by  each  probe  is  measured  by  an  RF  voltmeter  as  the 
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voltage  across  a  50  D  load.  The  internal  plasma  voltage  Vp  is  calculated  from  the  current  density  and  the  electrical  power 
density.  Typical  V  -J  data  for  49  MHz  are  plotted  in  Fig.  5(b).  Under  conditions  where  the  discharge  uniformly  fills  the 
discharge,  the  combinations  of  J  and  Vp  are  the  nearly  the  same  for  all  three  frequencies. 
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PM' 

discharge  tube  - . 
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50  ohm  loads 
+  R&S 
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Fig.  5(a)  Current  density  monitoring. 


Fig.  5(b)  Electrical  characteristics  of  plasma  at  49  MHz 


At  the  minimum  power  density  point  where  the  discharge  shrinks,  the  plasma  voltage  rises  rapidly,  as  for  the  140  torr  data  in 
Fig.  5(b).  The  mean  value  of  reduced  field  E/p  is  6  V/cm/torr  at  50  torr  fill  pressure,  reducing  smoothly  to  3  V/cm/torr  at  160 
torr,  similar  to  the  values  encountered  in  narrow  gap  diftlision  cooled  lasers.  The  current  density  values  are  only  slightly  less 
than  those  measured  by  similar  methods  for  a  1.75  mm  gap  discharge  [6],  whilst  the  plasma  voltages  is  ^3  times  larger.  Near 
140  torr,  the  power  density  at  maximum  laser  output  i.s  80  W.cm'^.  No  significant  fluctuations  are  seen  in  the  current  to  the  8 
mm  diameter  area  of  the  probe  nearest  the  gas  exit,  indicating  that  thermal  filamentation  is  not  a  problem  under  the  conditions 
investigated  so  far. 

5.  DISCUSSION 


The  experimental  slab  discharge  section  has  shown  that  the  high  current  and  power  density  characteristics  of  narrower 
diffusion  cooled  lasers  can  be  attained  in  fast  flow  lasers,  but  with  much  lower  radio  frequency.  A  specific  output  power  of  33 
kW.m'^  has  been  achieved,  compared  to  the  typical  values  of  15-20  kW.m'^  for  diffusion  cooled  slab  lasers.  Currently  the 
output  power  per  discharge  section  per  unit  area  of  beam  is  132  W.cm'^,  compared  to  a  value  of  195  W.cm'^  achieved  with 
large  circular  cross  section  tubes  [1].  The  low  efficiency  of  the  present  laser  is  currently  under  investigation.  By  varying  the 
output  coupling,  and  performing  a  Rigrod  analysis,  it  has  been  seen  that  the  gain  of  the  test  section  is  adequately  high,  but 
there  is  flow  velocity  dependent  cavity  loss  sufficient  to  reduce  the  efficiency.  The  high  gas  density,  coupled  with  the  highly 
turbulent  flow  may  be  producing  significant  scattering  of  radiation  from  the  closely  confined  fundamental  mode  in  the  r-  trrow 
'‘ection.  In  future,  it  may  be  necessary  to  increase  the  narrow  dimension  to  reduce  these  losses.  However,  it  is  expected  that 
iue  advantage  of  discharge  stability  at  high  power  density  will  be  maintained,  and  it  will  be  easier  to  design  resonators  for 
multi-section  discharge  devices 
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ABSTRACT 

An  investigation  of  the  parameters  influencing  the  small-signal  gain  and  the  beam  quality  of  the  laser  emission  from 
a  stable  TEMa,  cavity  within  a  large  aperture  e-beam  controlled  CO2  laser  discharge  unit  was  performed.  An  almost  linear 
dependency  of  die  small-signal  gain  as  a  function  of  the  energy  loading  was  monitored.  Small-signal  gains  of  up  to  2.4  %/cm 
in  the  centre  of  the  discharge  region  were  found  for  an  energy  loading  of  up  to  140  J/(l  bar)  at  a  wavelength  of  10  59  ;im. 
The  beam  quality  evaluation  was  done  by  M*  parameter  measurements  according  to  the  ISO  standard.  The  fluence  distribution 
was  recorded  with  a  beam  analyzing  system  of  100  /tm  spatial  resolution.  No  increase  of  the  parameter  was  found  within 
the  limits  of  measurement  accuracy  for  a  stable  resonator  configuration  when  the  energy  loading  almost  doubled  firom  61.7 
J/(l  bar)  to  112.5  J/0  bar). 

Keywords:  pulsed  COj  lasers,  beam  quality  measurements,  small-signal  gain  measurements. 

1.  INTRODUCTION 

Beam  quality,  pulse  energy  and  small-signal  gain  are  of  great  importance  in  the  layout  of  a  master  oscillator  power 
amplifier  (MOP A)  system'.  Ideally,  such  a  system  should  produce  high  energy  densities  to  saturate  the  inverted  dium 
whereas  phase  distortions  produced  during  amplification  can  be  cancelled  when  phase  conjugation  techniques  are  In 

a  compact  MOPA  geometry,  the  available  gain  volume  incorporates  the  power  amplifier  and  the  master  oscillat  t  il. 
Low  parameter  values  together  with  high  pulse  energies,  extracted  from  the  master  oscillator,  are  a  prerequisiu.^  ui  the 
assessment  of  beam  quality  deterioration.  In  achieving  this  goal,  we  investigated  in  a  first  experimental  step  the  laser  emission 
from  stable  (TEMpo)  and  unstable  cavities  which  were  set  up  within  the  aperture  of  an  e-beam  controlled  COj  laser  discharge 
unit.  For  conq>arison,  different  types  of  output  couplers  with  constant  reflectivity  and  a  variable  reflectivity  mirror  (VRM) 
were  used.  Furthermore,  small-signal  gain  measurements  were  performed  by  using  a  low  power  single-frequency  line-tunable 
CO,  laser.  These  results  are  only  briefly  discussed  in  this  paper.  A  more  detailed  discussion  of  the  small-signal  gain 
measurements  and  the  technical  details  of  the  discharge  unit  can  be  found  in  Ref[2]  in  this  volume. 

2.  EXPERIMENT  AT. 

The  experimental  setup  for  beam  quality  evaluation  and  the  different  resonator  configurations  are  depicted  in  Fig.  1 
and  Fig.  2,  respectively.  In  Fig.  1,  the  resonator  is  set  up  by  a  high  reflecting  (HR)  mirror  1  and  an  ouq^ut  coupler  5.  The 
optical  axis  of  the  resonator  is  placed  in  the  centre  of  the  discharge  volume  2  which  has  a  cross-section  of  10  *  10  cm^.  The 
discharge  volume  is  sealed  by  a  4"  HR  mirror  1  and  by  a  2"  AR/AR  coated  ZnSe  window  3.  A  circular  aperture  4  is  used 
to  support  TEMpp  emission.  Its  diameter  is  adjusted  to  14.5  mm,  which  corresponds  to  a  Fresnel  number  of  F  =  1.88.  To 
prevent  lasing  between  the  (metallic)  blades  of  the  aperture  4  and  the  HR  mirror  1,  we  covered  its  inner  surface  (facing  the 
discharge)  with  a  water  containing  cream.  The  emitted  COj  laser  pulses  had  a  typical  gain-switch  shape  with  a  spike 

of  100  -  200  ns  duration  and  an  overall  duration  of  10  /ts.  Outside  the  cavity,  the  radiation  is  focused  with  a  ZnSe  lens  6  of 
3  m  focal  length.  After  passage  of  the  lens  6,  the  radiation  is  directed  on  a  pyroelectric  array  12  with  four  HR  mirrors  9  and 
two  ZnSe  wedges  11.  Two  HR  mirrors  9  on  a  movable  bench  are  setting  up  an  optical  delay  line  10.  By  using  this  delay  line. 
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the  fluence  distribution  can  be  monitored  with  the  pyroelectric  array  at  different  locations  (length  variation  4  m)  before  and 
after  the  beam  waist.  The  pyroelectric  array  (Spiricon  Pyrocam  1)  consists  of  128  *  128  pixels  with  100  fim  pixel  spacing 
The  pyroelectric  array  is  placed  in  an  all-metal!  box  13  to  prevent  electrical  interference.  Fast-response  detecto.  8 
(pyroelectric  or  photon  drag  type)  are  used  to  record  the  temporal  distribution  in  the  near-  and  far-field.  The  beam-sphcier 
7  (R  “  1  %)  is  placed  directly  behind  the  lens  6. 


Fig.  1  Experimental  set-up  for  beam  quality  evaluation.  Fig.  2  Resonator  configurations  (TEM^jo  cavity  (above)  and 

cavity  with  VRM  mirror  (below)). 


Two  types  of  output  couplers  were  used,  resulting  in  two  resonator  configurations,  having  the  same  length  of  L  = 
2.64  m;  firstly,  an  output  coupler  with  constant  reflectivity  (R  =  58.4  %)  and  a  radius  of  curvature  (RoC)  of  30  m  for 
TEMoo  cavity  configuration  (Fig.2,  above)  and  secondly,  an  output  coupler  with  radially  varying  reflectivity  (VRM)  with  RoC 
=  00  for  unstable  resonator  configuration  (Fig.  2,  below).  The  VRM  was  coated  by  BIFO  GmbH,  Berlin,  Germany.  It  was 
designed  as  a  supergaussian  mirror  with  a  radially  varying  reflectivity  dependence  R(r)  =  Rq  exp  [-(r/w)“],  with  R^  =  61  %, 
w  =  4.9  min  and  n  =  5  (Fig.  3).  Energy  densities  of  up  to  4  J/cm^  were  applied  to  the  VRM. 


Fig.  3  Measured  radial  reflection  dependence  of  the  VRM. 


3.  EVALUATION  PROCEDURE  OF  BEAM  PARAMETERS 

The  beam  profiles,  which  were  recorded  with  the  pyroelectric  array,  have  been  further  processed  on  the  PC  to 
calculate  the  center-of-mass  position  and  the  beam  width  of  each  fluence  distribution.  Several  fluence  distributions  were 
recorded  in  each  plane.  A  discrimination  of  the  beam  parameters  in  horizontal  direction  (parallel  to  the  discharge)  ann  in 
vertical  direction  (orthogonal  to  the  discharge)  was  found  to  be  useful.  The  calculation  of  the  M^  parameters  was  don^ 
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according  to  the  ISO  standard  11  146,  where  it  is  proposed  to  infer  the  beam  widths  d^(z)f  d^(z)  from  a  calculation  of  the 
second  moment  of  the  fluence  distribution  F(x,y,z),  Here,  x,y,z  define  the  horizontal,  vertical  and  optical  axis,  respectively. 
The  horizontal  beam  width  is  given  by 


d„x(z)  =  4  Ojf(z) 


2/  .  F(x,y,z)  cbc  dy 

Ox\Z)  =  ^ - 

jjF{x,y,z)  dx  dy 


and  the  center-of-mass  position  (Xq,  yo)  is  defined  by 

F(x,y,z)  dx  dy 
jjF{x,y,z)  dx  dy 


Similar  expressions  hold  for  d^  and  y^.  Crucial  for  the  calculation  of  the  beam  widths  is  the  precise  nulling  of 
the  background  anq>litude  level.  A  hyperbolic  fit  through  the  measured  points  in  the  curves  d^(z),  d^(z)  allows  the 
determination  of  the  parameters  and  My^. 

The  pointing  stability  was  evaluated  according  to  the  ISO  standard  1 1  670.  It  is  calculated  from  fluence  distributions 
taken  in  the  focal  plane  of  a  lens  and  is  defined  to  be  twice  the  standard  deviation  obtained  from  the  calculation  of  the  center- 
of-mass  position. 

4.  RESULTS  AND  DISCUSSION 

4.1  parameter  and  pointing  stability 

The  results  of  the  parameter  measurements  are  summarized  in  Tab.  1.  Low  parameters  were  recorded  in  case 
of  the  TEMoo  cavity,  where  an  increase  in  the  loading  from  61.7  J/(L  bar)  to  112.5  J/(l  bar)  showed  little  effect  on  the 
parameter  values.  In  case  of  the  unstable  VRM  cavity  a  small  increase  in  the  parameter  was  found.  Additionally,  higher 
values  were  monitored  in  horizontal  direction  than  in  vertical  direction. 


TEMqo  cavity 

unstable  VRM  cavity 

Loading  [J/(l  bar)] 

61.7 

112.5 

61.7 

112.5 

K" 

1.34 

1.39 

1.55 

1.7 

1.34 

1.31 

1.19 

1.33 

Tab.  1  parameter  values  for  different  resonator  configurations  and  energy  loadings, 
(x:  horizontal  direction,  y:  vertical  direction) 


An  investigation  of  the  pointing  stability  (TEMoo  cavity)  showed,  that  the  angular  fluctuations  were  more  pronounced 
in  vertical  direction  (300  firad)  than  in  horizontal  direction  (50  ^rad).  This  finding  can  be  explained  by  the  discharge 
instability  orthogonal  to  the  direction  of  the  electric  field. 


184 


4.2  Pulse  energy  and  small-signal  gain 


A  linear  increase  in  pulse  energy  for  TEMqq  cavity  and  unstable  VRM  cavity,  up  to  1.9  J  and  1.3  J,  respectively, 
was  recorded  for  140  J/(l  bar)  loading.  The  energy  extractable  from  the  unstable  VRM  cavity  can  be  increased  by  selecting 
a  higher  central  reflectivity  R^,  but  the  higher  risk  of  optical  damage  in  the  coating  is  then  to  be  taken  into  account. 


Fig.  4  Pu 

energy 


V  dependence  as  a  function  of  the 


Fig.  5  Small-signal  gain  as  a  function  of  the  energy 
loading  at  a  wavelength  of  X  =  10.59  fim  of 
the  probe  laser  measured  along  the  centerline 
of  the  discharge  region. 


The  small-signal  gain  also  increased  linearly  with  the  loading  (Fig.  5).  As  the  laser  gas,  a  mixture  of  1  :  2  :  7 
(C02:N2:He)  at  /verall  pressure  of  500  mbar  was  used.  The  set-up  and  further  experimental  details  can  be  found  in  Ref, 


[2]. 


5.  CONCLUSION 


In  conclusion,  the  results  of  the  measurements  of  beam  quality,  extractable  pulse  energy  and  small-signal  gain  in  a 
cavity  that  is  imbedded  into  a  large  aperture  discharge  unit  were  promising  for  the  layout  of  a  MOPA  system.  Scalability  of 
the  pulse  energy  of  the  master  oscillator  came  along  with  only  a  small  decrease  of  the  beam  quality  when  stable  a  TEMqo 
cavity  was  set  up  in  the  centre  of  the  discharge  volume.  parameter  values  of  1.3  -  1.4  were  found  for  a  pulse  energy  of 
2  J. 

6.  LITERATURE 


1  W.  Riede,  Th.  Hall,  H.Klingenberg,  "Numerical  simulation  of  a  high-power  four-wave  mixing  MOPA  system", 
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2  W.  Riede,  W.  Mayerhofer,  Th.  Hall,  S.  Walther,  "Parametric  investigation  of  the  small-signal  gain  in  a  large 
aperture  e-beam  controlled  CO2  laser",  GCL/HPL  1996,  this  volume. 
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ABSTRACT 

The  operational  characteristics  of  a  135kW  continuous  wave  carbon  dioxide  laser  system  are 
described.  A  brief  description  of  the  fast-flowing  electrical  discharge  coaxial  laser  system  is  presented 
followed  by  a  detailed  discussion  of  the  operational  and  output  characteristics  of  the  device. 
Diagnostics  systems  configured  to  measure  electrical  discharge  voltage  and  current,  mass  flow,  laser 
cavity  pressure,  laser  output  power,  output  spatial  intensity  distribution  and  output  temporal  stability  are 
described.  The  data  collected  with  these  systems  are  summarized  with  subsequent  analyses  presented 
and  compared  with  theory.  The  135kW  carbon  dioxide  laser  is  located  at  the  Laser  Hardened  Materials 
Evaluation  Laboratory  (LHMEL)  at  Wright-Patterson  Air  Force  Base,  Ohio,  USA.  The  device  was 
developed  and  is  currently  operated  for  the  purpose  of  characterizing  the  thermal  response  of  materials. 

Keywords:  Carbon  Dioxide  Laser,  High  Power  Laser,  Electric  Discharge  Coaxial  Laser  (EDCL),  Gas 
Lasers,  Fast-Flow  Axial  Laser,  Laser  Power  Measurement 

1.  135  kW  FAST-AXIAL  FLOW  LASER 

The  LHMEL  135kW  carbon  dioxide  laser  system  was  developed  to  characterize  the  response  of 
materials  subjected  to  extreme  thermal  conditions.'  The  device  was  designed  to  meet  specific 
operational  parameters  required  for  materials  testing,  namely,  output  beam  power  level  to  lOOkW  while 
maintaining  optimum  spatial  uniformity  and  temporal  stability.  The  device,  first  operated  in  August 
1989,  demonstrated  volume  scaling  principles  for  electric  discharge  coaxial  lasers  (EDCL).^  Shown 
schematically  in  Figure  1 ,  this  fast-axial  flow  system  operates  in  open-loop  configuration  for  durations 
of  up  to  80  seconds  at  a  maximum  power  of  135kW.  A  careful  balance  between  the  performance 
limiting  factors  of  flow  velocity  (M),  electric  field  (E),  electron  number  density  (ne),  pressure  (P), 
number  of  excited  molecules  (N)  and  power  deposition  into  the  gas  resulting  in  temperature  change 
(AT)  governs  the  operation  of  the  EDCL.  For  optimized  operation,  an  energy  balance  condition  must  be 
established  where  the  product  of  electron  number  density  and  the  time  required  for  a  molecule  to 
traverse  the  discharge  flow  length  is  constant. 
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Figure  1.  LHMEL  electric  discharge  coaxial  laser  geometry. 

The  electrical  power  deposition  (P)  and  gas  flow  heating  rate  relationship  can  be  defined  as: 

P  =  I*V  =  mCpAT  (1) 


where  I  is  current,  V  is  voltage,  m  is  mass  flow,  Cp  is  the  gas  heat  capacity  and  AT  is  the  change  in  gas 
temperature.  Incorporating  electric  field  properties  into  a  low  pressure  flowing  discharge  through  a 
cylindrical  volume  and  accounting  for  Rayleigh  Line  Physics  limiting  the  mean  gas  velocity,  the 
following  relationship  for  power  input  into  the  gas  medium  can  be  established: 


P  = 


e—^V^nffAp 

V  J 


* 


(2) 


where  e  is  electron  charge,  nn  is  the  molecular  number  density,  Vd  is  the  electron  drift  velocity,  Af  is 
the  flow  cross  sectional  area  and  V*  represents  the  applied  voltage.  For  stable  discharge  conditions  V 
is  limited  to  a  narrow  range  of  values  (AV)  dependent  upon  the  molecular  number  density  over  flow 
length.  For  the  device’s  operating  pressure  ranging  from  30  to  70  torr,  discharge  conditions  are  stable 
for  E/nn  values  corresponding  to  3.0  to  4.5  kV/Amagat-cm. 


V 


* 


(G  =  anode-to-cathode  gap) 


(3) 


With  applied  voltage  and  molecular  number  density  fixed  over  a  narrow  range  of  values  by  E/oh,  the 
only  parameters  of  Equation  2  able  to  be  increased  in  scale  while  maintaining  stable  discharge 
conditions  are  those  relating  to  cross  sectional  area. 

Considering  the  above  analysis,  the  diameter  of  the  discharge  volume  was  increased  substantially.  In 
addition,  electrode  configuration  and  geometry  was  optimized  for  localized  flow  conditions  while 
current  monitoring  and  conditioning  systems  were  improved.  Finally,  the  discharge  length  was 
increased  proportional  to  gas  pressure  and  flow  conditions  maintaining  an  E/nn  within  the  range 
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previously  specified.  The  end  result  was  an  increase  in  output  power  by  a  factor  of  ten  over  all  previous 
EDCL’s  while  improving  discharge  stability  and  uniformity. 

The  device  employs  a  stable  optical  resonator  capturing  approximately  107  Fresnel  zones,  given  by: 


where  d,  the  clear  aperture  =  20cm,  L,  the  cavity  length  =  880cm,  and,  Ao  corresponds  to  the  primary 
laser  transition  at  10.6|im.  The  resulting  multimode  beam  completely  fills  the  clear  aperture  of  the 
device  and  is  spatially  uniform  to  within  17%. 

2.  LASER  OUTPUT  POWER  MEASUREMENT 

Power  meters  and  total  capture  calorimeters  are  used  to  measure  the  output  power  of  LHMEL  lasers. 
The  power  meters  are  calibrated  on  a  daily  basis  to  the  calorimeters  described  below.  Power  meters  are 
used  because  they  provide  a  faster  response  and  can  be  incorporated  into  the  beam  path  with  a 
beamsplitter  allowing  power  to  be  measured  during  a  laser  test.  Figure  2  shows  a  typical  measurement 
made  during  laser  operation.  In  this  case  the  desired  power  level  was  lOOkW  at  the  target  plane  for  an 
irradiation  duration  of  7  seconds.  The  maximum  power  delivered  to  a  target  to  date  is  127kW.  The 
data  shows  that  the  laser  achieves  the  desired  power  level  within  5  seconds.  The  laser  can  operate  at 
full  power  for  a  maximum  duration  of  80  seconds  before  heating  in  the  device  necessitates  shut-down. 


Figure  2.  Measurement  of  the  output  laser  power  demonstrates  temporal  stability  to  within  ±5%  after 
the  laser  reaches  the  desired  power  level,  in  this  case  lOOkW. 
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Longer  run  durations  can  be  achieved  at  lower  power  operational  levels. 

A  total  capture  calorimeter  consisting  of  a  cast  aluminum  sphere  with  an  external  copper  wire 
winding  is  used  to  measure  total  output  energy  over  a  specific  run  duration.  The  laser  beam  is  directed 
into  the  sphere.  The  thermal  energy  transferred  from  the  laser  beam  into  the  sphere  and  copper  winding 
induces  a  resistance  change  that  is  calibrated  in  J/ohm.  The  output  responses  of  the  LHMEL  total 
capture  calorimeters  are  calibrated  annually  to  the  U.S.  primary  reference  standard  for  high  power  laser 
calorimetry.^  These  calorimeters  have  been  used  to  verify  output  laser  power  up  to  135kW. 

3.  SPATIAL  INTENSITY  PROFILE  MEASUREMENT 

The  spatial  intensity  profile  of  the  LHMEL  laser 
beam  is  measured  using  a  pyroelectric  vidicon  (PEV) 
camera  sensitive  to  optical  radiation  in  the  8  to  12iJ,m 
wavelength  region.  A  beamsplitter  is  used  to  direct  a 
reduced  power  portion  of  the  main  laser  beam  to  an 
optical  system  re-imaging  the  beam  onto  the  1.8cm 
diameter  tri-glyceride-sulfide  detector  array.  Calcium 
fluoride  absorbing  plates  and  germanium  filters  are 
incorporated  into  this  optical  system  to  provide 
additional  protection  for  the  detector  as  well  as 
wavelength  selectivity.  Figure  3  shows  a  surface  plot 
representing  the  output  laser  beam  as  measured  by  the 
PEV  camera.  The  data  produced  by  this  measurement 
method  has  been  verified  by  alternate  methods  using 
scanned  thermocouple  arrays  and  materials  bums. 

4.  SUMMARY 

Operation  of  a  fast-flow  carbon  dioxide  EDCL  system  at  power  levels  up  to  135kW  has  been 
achieved  for  durations  up  to  80  seconds.  The  device  validates  volume  scaling  projections  for  formation 
of  and  power  extraction  from  the  gain  medium  formed  in  a  fast-flow  EDCL  system.  The  device  has 
exhibited  exceptional  performance  throughout  eight  years  of  operational  service.  The  stable  multimode 
resonator  produces  output  beam  characteristics  ideal  for  materials  testing  and  characterization.  The 
laser  is  located  at  the  Laser  Hardened  Materials  Evaluation  Laboratory,  which  is  part  of  the  Wright 
Laboratory  Materials  Directorate,  Wright-Patterson  Air  Force  Base,  Ohio,  USA. 


'  K.  Maxwell,  M.  Lander,  D.  Daniels,  M.  Wolf,  D.  Seibert,  C.  Oblinger,  J.  Bagford,  “The  Laser  Hardened  Materials 
Evaluation  Laboratory  (LHMEL),”  Report  submitted  to  Wright  Laboratory  Materials  Directorate,  Report  #  WL-TR-93-41 19, 
(1993). 

^  J.  P.  Reilly,  M.  L.  Lander,  K.  Maxwell,  R.  Hull,  “Design  construction  and  operation  of  a  65kW  carbon  dioxide  electric 
discharge  coaxial  laser  device,”  Madrid,  Spain.  SPIE  8th  international  symposium  on  gas  flow  and  chemical  lasers,  No. 
1397-108B,  339-354  (1990). 

^  M.  L.  Lander,  J.  O.  Bagford,  D.  B.  Seibert  II  and  R.  J.  Hull,  “High  power  calibration  of  commercial  power  meters  using 
and  NIST-traceable  secondary  standard,”  Journal  of  Laser  Applications,  8,  103-107  (1996). 
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ABSTRACT 


The  properties  of  the  laser  active  medium  were  investigated  using  a  drift  chamber,  and  the  effect  of  gas  additives  on  the 
laser  power  is  evaluated.  The  transport  coefficient  drift  velocity  is  measured  in  CO2  -  laser  gas  mixtures.  The  dependence  of 
the  drift  velocity  on  the  applied  electric  field  is  very  similar  for  the  different  gas  compositions  in  the  positive  column  of  the 
discharge,  and  a  semi-empirical  formula  is  given.  The  influence  of  gas  additives  is  investigated  a)  selective  energy 
reduction  due  to  elastic  impacts  with  Ar,  b)  striking  voltage  reduction  by  adding  C4H1Q  to  the  laser  gas. 

Keywords:  CO2  -  laser  gas,  gas  additives,  drift  velocity,  gas  amplification,  drift  chamber,  Penning  ionization 

1.  MOTIVATION 


The  development  of  a  high  efficiency  CO2  -  laser  requires  a  detailed  investigation  of  fundamental  gaseous  electronics.  The 
self  sustained  discharge  of  such  a  laser  is  a  balance  between  high  electron  density  (high  values  for  E/n)  and  optimal  mean 
electron  energy  (1...2.5  eV,  E/n  should  be  low  for  effective  excitation).  The  electron  density  and  energy  is  a  result  of  the 
basic  processes:  vibrational  and  electronic  excitation,  ionization  and  electron  attachment,  whereby  the  probability  of  these 
processes  is  expressed  as  the  relevant  cross  section  weighted  by  the  fractional  concentration  of  the  gas  composition.  An 
integral  measure  of  the  effects  involved  is  the  electron  drift  velocity.  This  velocity  is  a  result  of  both  the  acceleration  due  to 
the  electric  field  and  the  loss  of  energy  occuring  between  two  electron  impacts.  The  variation  of  the  electron  drift  velocity 
Vp ,  with  the  fraction  of  gas  components  is  an  easy  method  to  investigate  gas  additives,  especially  their  influence  on  the 
mean  electron  energy  and  also  on  the  excitation  efficiency.  It  can  be  shown  rigourously  [1]  to  be 
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where  e  is  the  charge  of  the  electron,  the  mass,  v  the  random  velocity  of  the  electron  and  E  denotes  the  electric  field. 
The  mean  free  pass  Ig(£)  =  1  /  (n^  ■  G|^(g))  is  a  function  of  the  neutral  gas  density  n,,  and  of  the  electron  energy 
e  =  m^/2  •  due  to  the  energy  dependence  of  the  momentum-transfer  cross  -  section  ct^Jc)  .  The  brackets  indicate  that 
averaging  has  to  be  done  on  the  distribution  function  f(£).  For  a  rough  estimation  we  can  present  very  simple  arguments 
based  on  energy  conservation  [1]: 


6  •  £  ’  Vn 
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where  A(c)  is  the  mean  fractional  energy  loss  between  two  collisions  in  the  time  t  .  Assuming  a  power  law  for  the 
dependence  of  Aand  on  £  :  A(£)  =  Aq  •  1^(g)  =  •  g  "  and  using  eqs.  (1)  and  (2)  leads  to: 
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2.  MEASUREMENT  OF  THE  ELECTRON  DRIFT  VELOCITY  WITH  A  DRIFT  CHAMBER 


The  drift  chamber  (Fig.  1)  in  its  simplest  form  consists  of  a  very  thin  sense  wire  (Dj  =  20  pm)  and  a  potential  tube 
( Dj,  =  20  mm )  which  is  connected  to  a  negative  bias  voltage.  The  sense  wire  is  connected  to  a  resistor  and  a  pre  -  amplifier, 
and  the  whole  system  is  mounted  in  a  cavity  (indicated  by  dotted  line  in  Fig.  1)  in  order  to  separate  the  gas  mixture  from  the 
environment  and  to  adjust  the  gas  pressure  in  the  range  which  is  typical  for  cw  CO2  -  lasers 
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Fig.  1 :  Measurement  of  electron  drift  velocity  with  a  drift  chamber. 

Electrons  which  are  produced  in  a  primary  process,  a  drift  distance  r  from  the  sense  wire,  then  drift  to  the  anode  under  the 
influence  of  the  applied  electric  field.  In  the  region  around  this  wire  secondary  processes  take  place  if  the  electrons  gain 
sufficient  energy  between  collisions  to  ionize  the  neutral  gas.  These  newly  released  electrons  are  able  to  ionize  the  neutral 
gas  again  if  the  electric  field  is  high  enough,  and  so  this  process  repeats  itself  It  is  possible  to  gain  from  one  electron 
10"^”  10^  electrons  which  are  now  detectable  with  the  help  of  a  pre  -  amplifier.  This  avalanche  effect  is  called  gas 
amplification  and  is  a  well  known  technique  in  high  energy  physics  [2],  [3].  The  primary  ionization  is  done  using  a  Nd:  YLF 
laser  whereby  the  frequency  of  the  light  has  been  quadrupled  if  =  264  nm)  and  the  energy  of  the  photons  is  =  4,6  eV  . 
This  energy  is  high  enough  to  ionize,  by  a  two  photon  process,  the  impurities  (like  hydrocarbon)  which  are  normally  present 
in  the  laser  gas  [4],  [5].  A  pin  -  photodiode  is  used  to  obtain  the  start  signal  for  the  drift  time  measurement  (see  Fig.  1),  and 
the  stop  signal  is  provided  by  the  drift  chamber.  With  a  variation  of  the  distance  r ,  and  the  measurement  of  the  drift  time  t , 
one  gets  the  relation  x{r)  (see  Fig.  2).  The  drift  velocity  is  given  by  the  inverse  of  the  derivative  of  t(/')  and  therefore 


Fig.  2:  Drift  time  relation  for  a  typical  CO2  -  laser  gas  Fig.  3:  Drift  velocity  as  a  function  of  the 

mixture  and  pressure.  electric  field;  p  =  150  hPa  .  Two 

typically  gas  compositions  with  two 
additves  are  shown  . 


Vq(/0  =  -With  the  knowledge  that  £(/*)  ^v(E)  =>  Vj^(£)  ,  one  gets  the  drift  velocity  as  a  function  of  the 

applied  electric  field.  Fig.  3  shows  that  for  typical  laser  gas  mixtures  and  the  usual  values  for  the  electric  field 
(E(r)  =  (0.,.2000)  V/cm,  [6]),  the  drift  velocity  is  veiy  similar  for  the  shown  gas  compositions.  In  this  range  the  curves 
can  be  fitted  using  eq.  3  (solid  line  in  Fig.  3).  This  leads  to: 
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The  exponent  indicates  that  these  gas  compositions  are  dominated  by  He  (with  respect  to  the  drift  velocity  at  electric  field 
values  smaller  than  2000  V/ cm  ).  This  is  due  to  the  cross-section  of  He  being  independent  of  the  electron  energy  for 
G<10eV.  This  means  m  =  0,  n  =  0  ,  with  eq.  (3)  For  electric  fields  higher  than  2000  V/cm  inelastic 

collisions  will  be  dominant. 


3.  INVESTIGATION  OF  GAS  ADDITIVES 

Using  gas  additives  provides  two  possibilities  to  increase  laser  efficiency.  First:  adding  a  gas  with  a  momentum-transfer 
cross  -  section  having  a  minimum  at  the  excitation  energy  of  the  vibrational  states.  An  increasing  cross  -  section  for  higher 
electron  energy  leads  to  a  selective  energy  reduction  of  fast  electrons  by  electron  impact.  The  noble  gases  Ar,  Xe,  Kr  exhibit 
these  characteristics  with  a  Ramsauer  minimum  for  electron  energy  around  c  =  0,  3eV  [2].  The  influence  of  the 
concentration  of  Ar  on  the  drift  velocity  is  shown  in  Fig.  4.  and  exhibits  a  relatively  strong  variation  of  the  drift  velocity 
with  the  concentration  of  argon  .  This  is  due  to  the  reduction  of  the  fast  electrons  which,  in  combination  with  the  relatively 
big  cross  -  section  for  inelastic  impacts,  leads  to  a  shift  in  the  mean  electron  energy.  The  influence  on  laser  power  is  shown 
in  Fig.  5.  It  confirms  the  interpretation  stated  above.  The  addition  of  2%  Ar  to  the  gas  mixture  improves  the  laser  power  by 
6% ,  which  agrees  with  [7]. 


Fig.  4:  The  Ar  influence  on  the  drift  velocity.  Fig-  5:  The  Ar  influence  on  the  laser  output 

power. 


Second:  using  a  gas  additive  (molecules),  with  low  ionization  energy  raises  the  electron  density  due  to  the  lower  effective 
ionization  potential  and  by  exploitation  of  the  electronic  states  of  the  gas  by  Penning  ionization.  The  drift  chamber  can  be 
used  to  investigate  this  effect.  The  gas  amplification  of  the  drift  chamber  as  a  function  of  the  bias  voltage  ,  can  be 
calculated  and  is  dependent  on  the  gas  mixture  and  the  pressure.  The  output  signal  of  the  drift  chamber  is  proportional  to  the 
electron  density  and  it  can  be  shown  [8]: 


Here  A  is  a  proportionality  constant;  p  the  pressure;  P  the  power  of  the  Nd:YLF  laser;  T  the  Temperature;  r.,r^  the  radius 
of  the  sense  wire  and  the  potential  tube  respectively,  and  k  the  Boltzman  constant.  Ug  is  the  threshhold  voltage  where  the 
gas  amplification  starts  and  it  is  strongly  correlated  with  the  striking  voltage  of  the  glow  discharge  of  such  a  gas  mixture;  a 
depends  on  the  gas,  including  the  cross  sections  and  the  ionization  potential.  The  gas  amplification  is  shown  in  Fig.  6, 
whereby  two  typical  gas  compositons  are  investigated.  The  ratio  is  1:3,  (80%  He)  for  mixture  1  and 

1 :4,  (70%  He)  for  mixture  2  .  Gas  I  exhibits  a  lower  threshhold  voltage  due  to  the  lower  effective  ionization  potential  and 
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the  higher  amount  of  He.  The  effect  of  penning  ionization  of  C4H1Q  is  shown  in  Fig.  7,  and  one  can  see  the  reduction  of 
Ug .  The  addition  of  2%  C4Hi()  results  in  a  threshold  reduction  of  «  10% .  This  has  two  advantages.  First,  the  exploitation 
of  the  electronic  states  of  N2  and  CO2  due  to  the  Penning  ionization  leads  to  an  increase  in  efficiency  of  electron 
production.  Second,  the  electric  field  in  a  discharge  is  reduced,  which  leads  to  a  lower  E/n  where  the  vibrational 
excitation  is  more  efficient.  Experiments  with  a  glow  discharge  showed  that  these  findings  are  adaptable  to  a  laser  system. 
We  reduced  the  necessary  striking  power  for  a  typical  CO2  -  laser  discharge  from  Pjn.inin  ^  ^ 

by  changing  the  h/^^q  :  vj/^^  ratio  from  1 :4  to  1:3  . 


Fig.  6:  Chamber  output  signal  height  for  different  gas 

compositions:  5:15:80  and  5:20:60. 


Fig.  7:  Shift  of  threshold  voltage  due  to  the 

addition  of  isobutane  C4H  j  q. 


4.  CONCLUSION 

It  is  shown  that  by  using  a  drift  chamber  a  detailed  view  of  the  gas  electronics  is  possible.  An  improvement  of  laser  power 
following  the  addition  of  a  particular  amount  of  argon  to  the  laser  gas  is  observed.  The  reduction  of  the  striking  voltage  by 
Penning  ionization  due  to  the  addition  of  isobutane  is  shown. 
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Working  properties  of  compact  rf-excited  CO2  slab  lasers 
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ABSTRACT 

We  have  characterised  three  compact  CO2  laser  modules  in  terms  of  pulsed  and  CW  power,  beam  quality  and 
temporal  stability.  The  three  modules  differ  in  the  electrodes  dimensions,  and  have  been  equipped  with 
resonators  based  on  two  different  hybrid  stable-unstable  schemes  .  Advantages  and  drawbacks  are  shown. 

Keywords:  Lasers  (CO2),  diffusion-cooled  lasers,  rf-discharge  lasers,  slab  lasers,  slab  laser  resonators. 

1.  THE  THREE  EXPERIMENTAL  MODULES 

We  have  constructed  and  tested  three  experimental  devices  based  on  two  closely  spaced  flat  aluminium 
electrodes  determining  a  wide  slab  of  gain  medium,  as  indicated  in  Ref.l.  The  electrodes  have  been  cooled  by 
means  of  water  flowing  in  channels  drilled  in  them  or  sealed  over  them  and  they  have  been  kept  separated  2 
mm  apart  by  means  of  ceramic  holders.  This  kind  of  structure  determines  gain  regions  disadvantageously 
characterised  by  one  narrow  transverse  dimension  and  a  much  larger  second  one.  The  natural  solution  to  this 
problem  is  obtained  coupling  such  a  gain  region  with  a  hybrid  resonator,  unstable  in  the  large  Fresnel  Number 
transverse  direction  and  stable  in  the  small  Fresnel  Number  direction^.  A  resonator  of  this  kind  can  be  realised 
with  a  spherical  concave  mirror  and  a  cylindrical  convex  one,  as  already  proposed  in  1979  for  rare  gas  halide 
slab  lasers^.  In  this  way  the  cavity  determines  a  one¬ 
sided  confocal  positive-branch  unstable  resonator  in 
the  wide  transverse  direction  and  a  near-CASE  I 
guided  resonator  in  the  narrow  direction. 

A  second  possible  design"*  employs  a  negative- 
branch  unstable  scheme  in  the  large  Fresnel  Number 
direction.  Such  a  solution  enables  in  our  case  the  use 
of  two  concave  spherical  mirrors  determining  on  the 
narrow  transverse  direction  a  guided  resonator  with 
the  guide  to  mirror  distances  settled  in  such  a  way  as 
to  phase-match  the  fundamental  EH  guided  mode. 

The  two  resonators  we  have  been  studying  are 
schematically  shown  in  Fig.  I  and  will  be  named  in  Fig.  1.  Schematic  view  ofthe  two  hybrid  resonators  investigated: 
the  following  the  positive  branch  resonator  and  the  (»)pos‘t*»e-*>ranch  resonator,  (b)  negative-branch  resonator. 

negative  branch  resonator . 

The  three  lasers  have  been  powered  by  means  of  two  standard  VHF-FM  broadcast  transmitters  capable  of 
delivering  a  radio  signal  in  the  band  80-100  Mhz  with  power  up  to  6  or  15  kW  ,  respectively.  They  have  been 
operated  in  CW-  or  pulsed-mode  by  switching  the  RF  signal.  Lasers  n.l  and  3  have  been  operated  with  a  single 
RF  feed  while  for  laser  n.2  we  have  adopted  a  double  feed  scheme.  Static  gas  fills  of  1:1:3  or  1:1:5  CO2  ,  N2, 
He,  with  or  without  the  addition  of  Xe  have  been  examined. 

2.  POWER  EXTRACTION  AND  PULSE  SHAPE 

The  dimensions  of  the  three  modules  and  the  power  extraction  performances  with  Xe-free  1:1:3  gas  mixture  are 
compared  in  Table  I. 

Laser  pulses  have  very  fast  rise  and  fall  times  resulting  in  an  almost  square-wave  shape  with  the  peak  power 
lasting  over  200-300  p,s,  depending  on  the  RF  power  density.  After  this  interval  the  extracted  power  drops  down 
to  the  CW  value.  Switch  on  delay  times  of  the  order  of  20  fxs  allow  Pulse  Repetition  Rates  up  to  20  kHz'. 
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Typical  pulse  shapes  are  reported  in  Fig.2  and  the  power  extracted  from  laser  n.l  is  plotted  in  Fig.3  versus  the 
pulse  duration  for  different  duty  cycles. 


Table  I 


Electrodes 

Dimensions 

1  X  w  X  h 
(mm) 

cw 

power 

(W) 

Peak 

Pulse 

Power 

(W) 

Max.  Duty 
for  P.P.P. 

Efficiency 

CW  @  P«,« 

Max 

Efficiency 

Resonator 

Branch 

module  1 

320  X  60  x2 

100 

480 

10  % 

9  % 

22  % 

+  /- 

module  2 

700  X  80x2 

420 

780 

25  % 

10  % 

16  % 

- 

module  3 

700  X  110  X  2 

750 

1550 

20  % 

10  % 

21  % 

+ 

il 

Fig.2.  30  to  500  jis  long  pulses  from  the  laser  module  n.2 

Fig.3.  Average  (a)  and  Pulse  power  (b)  versus  Pulse  Duration 
measured  from  laser  module  n.l,  for  different  duty  cycles 


Pulse  Duration  tps] 


The  maximum  duty  cycle  that  can  be  adopted  without  loosing  power  during  the  pulse  duration  reveals  the 
crucial  role  played  by  an  efficient  cooling.  Indeed  laser  modules  n.2  and  3  have  drilled  channels  while  laser  n.  1 
has  sealed  ones.  The  reduced  maximum  efficiency  of  module  n.2  is  instead  due  to  the  partially  equalised  RF 
multiple  feed  circuit. 


3.  BEAM  SHAPE  AND  QUALITY 

All  the  adopted  resonators  define  rectangular  output  apertures  determining  asymmetric  emerging  beams  with  an 
elliptic  shape  and  a  strongly  astigmatic  wavefront.  The  beam  profiles  have  been  characterised  scanning  them  on 
a  fast  photovoltaic  HgCdTe  detector  by  means  of  a  galvanometric  movable  mirror.  The  beam  is  quasi-gaussian 
on  the  guided  transverse  direction  and  squarish,  uniphased  on  the  other  direction  with  ripples  related  to  the 
Equivalent  Fresnel  Number  and  to  the  alignment  conditions^.  As  a  consequence  the  Far-field  beam  profile  in 
the  unstable  transverse  direction  consists  of  a  diffraction  limited  main  lobe  with  several  low  power  side  lobes. 
Cavity  misalignments  affect  only  the  number  and  importance  of  these  side  lobes. 

We  have  concentrated  our  study  to  the  properties  of  this  transverse  profile.  Near-field  and  Far-field  patterns  are 
plotted  in  Figs.  4  and  5,  respectively  in  comparison  with  those  obtained  by  means  of  numerical  simulations  of 
field  propagation  inside  the  cavity^. 
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Fig.4.  Near-field  unstable-direction  profile  for  the  beam  emerging 
from  laser  n.  1  with  the  negative  branch  resonator,  (a)  experimental, 
(b)  numerical. 

Fig.5.  Positive  branch  resonator  Far-fields,  numerical  and 
experimental,  (a)  and  (c) :  best  alignment. 

(b)  and  (d)  with  100  prad  misalignment. 


Table  11 


Module  1 

Module  1 

Negative  Branch 

Positive  Branch 

Ox 

3.1  mrad 

2.8  mrad 

9.5  mrad 

9.5  mrad 

M\ 

1.35  ±0.1 

1.25  ±0.1 

u\ 

1.1  ±0.1 

1.1  ±0.1 

The  quality  of  these  beams  has  been  analysed  on  the  two  principal  planes  by  means  of  a  Coherent  Mode- 
Master  MM-6.  It  is  summarised  in  Table  II  in  terms  of  the  quality  factor  M^.  This  characterisation  is  in  fact  a 
little  arbitrary  having  the  far  field  patterns  several  low-power  side  lobes  propagating  at  large  angles. 

In  this  way  the  second  moment  of  the  Far- 
field  distribution  is  strongly  affected  by  the 
adopted  integration  angle“.  In  the  table  we 
report  the  M^  measured  collecting  on  a  20 
mrad  angle  and  the  result  is  in  agreement 
with  numerical  estimations. 

A  better  information  can  be  gained  from 
Encircled  energy  plots  as  those  reported  in 
Fig.6.  One  can  easily  see  that  the  unstable- 
resonator  direction  beam  both  in  the  case  of 
positive-  and  negative-  branch  resonators 
keeps  being  close  to  the  gaussian  beam  with 
the  same  variance  and  better  then  the 
gaussian  with  the  same  aperture  up  to  an 
80%  energy  level.  In  other  words  one  can 
focus  with  such  a  beam  an  amount  of  energy 
between  87  and  90%  in  a  circle  in  which  the 
ideal  gaussian  beam  with  the  same  aperture 
focuses  99%  of  its  energy.  The  positive- 
branch  resonator  shows  a  little  difference  in 
the  encircled  energy  function  for  different 
alignment  conditions  whereas  the  negative- 

branch  resonator  almost  does  not.  Fig.6.  Encircled  energy  vs.  Far-field  angle. 
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4.  STABILITY 


As  already  stated  the  beam  quality  in  the 
unstable  transverse  direction  is  not  much 
affected  by  cavity  misalignments.  The  power 
sensitivity  to  misalignments  is  instead  deeply 
different  for  the  two  resonators.  The  positive- 
branch  resonator  shows  a  sizeable  power  drop 
for  misalignments  as  small  as  100  |Lirad  whereas 
the  negative  branch  maintains  the  maximum 
power  extraction  also  for  misalignments  of  the 
order  of  5  mrad^.  This  fact  is  related  to  the 
different  magnitude  of  mirror  curvatures  for  the 
two  resonators.  Naturally  the  negative-branch 
resonator  shows  a  larger  criticality  to  cavity 
collimation.  A  two  millimeters  error  in  the  cavity 
set-up  length  can  cause  a  dramatic  reduction  in 
the  extracted  power. 

Finally  we  have  tested  the  long  term  power  stability.  This  tests  show  that  the  negative  branch  resonator  can  be 
affected  by  power  fluctuations  due  to  emission  line  jumps.  This  is  shown  in  Fig.7  for  laser  n.2  in  situations 
when  the  electrodes  and  mirrors  were  not  termally  stable.  This  effect  is  to  be  related  to  the  wave-length 
dependent  guide-to-mirror  coupling  coefficient  in  the  case  of  short  radius  spherical  mirrors^ . 

5.  CONCLUSIONS 

In  conclusion  we  have  made  several  tests  on  three  prototypes  of  compact,  medium  power,  slab  type  CO2  laser 
sources,  investigating  the  behaviour  of  two  different  hybrid  stable-unstable  resonators,  both  numerically  and 
experimentally.  Simulations  and  experiments  show  a  higher  sensitivity  of  the  positive-branch  resonator  to 
alignment  variations.  On  the  other  hand  the  negative-branch  resonator  reveals  a  higher  sensitivity  to  the  cavity 
focusing.  The  beam  emitted  from  both  the  resonators  carries  around  90%  of  the  energy  in  a  main  diffraction 
limited  lobe,  the  remaining  part  of  the  energy  being  scattered  in  low  power  side  lobes.  This  beam  property 
results  to  be  only  slightly  affected  by  cavity  misalignments  particularly  in  the  case  of  the  negative-branch 
resonator.  An  acceptable  power  stability  can  be  obtained  provided  that  attention  is  paid  to  thermal  effects  in  the 
design  of  cavity  and  electrodes. 


Time  (min) 

Fig.7.  Power  fluctuations  and  emission  line  jumps  in  laser  n.2  vsath 
electrodes  not  correctly  cooled  and  mounted. 
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ABSTRACT 

In  this  paper,  a  model  of  the  temperature  field  in  a  laser  cavity,  is  proposed.  This  model  includes  the  calculation 
of  the  electron  concentration  in  a  turbulent  flow.  First,  a  ID  study  is  validated  with  experimental  data  of  Leys  et  al. 
Second,  the  model  is  applied  to  a  2D  argon  flow.  This  study  shows  that  the  knowledge  of  the  temperature  field  allows  to 
characterize  the  correlation  between  the  plasma  oscillations  and  turbulence  fluctuations  of  the  neutral  gas. 


1.  INTRODUCTION 

In  the  last  years,  the  use  of  fast  axial  flow  lasers  yielded  to  take  into  consideration  the  study  of  glow  discharges  in 
a  permanent  gas  flow.  In  these  lasers  (EDL),  ionization  is  due  to  a  high  voltage  electric  discharge  and  vibrational 
e.xcitation  occurs  from  electronic  collisions  between  both  the  gas  molecules  and  free  electrons  produced  by  the  electric 
discharge. 

In  a  previous  study^  we  have  presented  some  results  about  the  velocities  and  temperature  fields  in  a  laser  cavity 
consisted  in  a  55  mm  diameter  cylindrical  tube.  The  laser  mixture  (CC)2-N2-He)  was  introduced  by  means  of  a  nozzle 
which  axis  was  the  same  as  the  axis  of  the  tube.  The  electric  discharge  was  created  by  electrodes  located  at  the  entrance 
and  exit  section  of  the  tube.  As  a  first  approach,  the  power  injected  has  been  considered  constant  throughout  the  tube, 
which  means  that  a  constant  current  density  was  assumed.  In  fact,  this  one  is  subjected  to  high  variations  in  the  radial 
direction  (that  is  from  the  axis  to  the  wall  of  the  tube),  which  can  explain  the  discrepancies  observed  between  theoretical 
previsions  and  experimental  results. 

In  order  to  predict  a  correct  temperature  field,  the  knowledge  of  the  current  density  is  necessary:  this  one  is  very 
close  to  the  electronic  density  so  that  we  propose  a  model  of  the  electron  concentration  in  a  turbulent  flow.  We  assume 

that  the  gas  flow  acts  on  the  electron  distribution  and  the  Shwartz^  model  is  used  in  order  to  model  the  changes  of  the 
diffusion  coefficients  due  to  turbulence. 


2.  GOVERNING  EQUATIONS 


A.  Model  ID: 

The  charge  neutrality  is  assumed.  We  consider  only  direct  ionization.  The  influence  of  turbulence  is  taken  into 
account  through  the  ambipolar  diffusion  phenomena.  We  supjxise  that  the  electric  current  do  not  present  axial  variations. 
As  electrons  and  ions  have  equal  radial  velocity  in  order  to  maintain  charge  neutrality,  Just  one  equation  is  needed  for  the 
conservation  of  charge  particles: 


r  dr 


+  kj  Nne  ==  0 


(1) 


where  Da  is  the  ambipolar  diffusion  coefficient  and  ne  is  the  electronic  density.  Similar  to  the  diffusion  phenomena  of  a 
species  into  a  gas,  we  write  : 


C>a  ^aL  +  DaT 


* 

where  D.,  =  Da 

(Sc) 

1+  - i 

1  El 

a  “ 

(Scj 

i 
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where  m  and  |Ltt  are  the  dynamic  viscosity  and  the  turbulent  viscosity  respectively.  DaL  and  DaT  are  the  "laminar" 
diffusion  coefficient  and  the  "turbulent"  diffusion  coefficient  respectively.  In  this  study  we  suppose  Sc=Sct. 

B.  Model  2D 

In  the  case  of  a  two-dimensional  flow,  the  influence  of  neutral  gas  flow  on  the  charge  particles  distribution  and 
the  electron  drift  were  taken  into  account.  The  conservation  equation  of  the  electronic  density  is  then : 

~(new)  +  --^(rnev)=  +  kj  Nne  +  Pe^z  (3) 

dz  r  dr  r  dr  V  dr  /  dz 

where  w  and  v  are  the  axial  velocity  and  the  radial  velocity  respectively.  N  (m*^)  is  the  neutral  gas  density.  In  this 
equation  the  laminar  diffusion  coefficient  and  the  electron  drift  velocity  are  constant : 

DaL=0,037  m^/s;  vd=Me  =4,6  10^  m/s  (4). 

On  the  positive  column  of  a  glow  discharge  domain  the  electric  current  is  constant.  The  current  conservation  equation  is  : 

R 

I(z)  =  2 jrepe^^z*/ i‘dr  -  Iq  =  constant  (5). 

0 


3.  NUMERICAL  MODEL 


The  electron  density  conservation  equation  and  the  momentum  equations  are  solved  separately.  We  suppose  the 
neutral  gas  flow  frozen.  When  the  thermal  effect  of  the  discharge  on  the  gas  flow  is  under  study,  we  suppose  the  charged 
particles  distribution  fixed.  The  density  is  not  constant,  however,  apart  from  a  small  region  near  the  entrance  of  the  tube, 
the  density  variations  do  not  exceed  10%  and  the  derivative  of  N  is  negligible.  Then,  in  order  to  simplify  the  equations  we 
consider  the  neutral  gas  density  constant.  In  order  to  verify  the  current  conservation  equation,  the  ionization  rate  (ki)  is 
calculated  numericaly.  In  this  study  the  diffusion  coefficient  and  the  electron  drift  velocity  do  not  depend  on  the  electron 
density  variations.  In  the  vicinity  of  the  wall,  recombination  between  electrons  and  ions  imply  a  zero  electron  density  at 
the  wail.  The  electron  flux  who  dissapear  at  the  wall  through  recombination  phenomena  is  : 


(6). 


We  suppose  that  turbulent  diffusion  do  not  concern  the  wall  vicinity.  The  choice  of  the  near  wall  grid  cell  size 
will  influence  electron  loss  and  ionization  rate.  If  the  near  wall  grid  cell  is  larger  than  the  laminar  boundary  layer  high,  the 
electron  loss  and  the  ionization  rate  are  under  estimated. 


4.  BOUNDARY  CONDITIONS 


Si 

electrical  discharge  length  ^ 

^ - - — - - -  ^ 

ne=0 

d[i^ldT=0 

figure  1.  boundary  conditions. 

The  boundary  conditions  are  represented  in  the  figure  1.  We  suppose  that  the  gas  passing  through  the  SI  surface 
do  not  convey  electrons.  The  recombination  phenomena  is  important  at  the  wall.  Then,  we  consider  a  zero  electron  density 
at  the  wall.  On  the  axis  tube,  the  axi symmetrical  conditions  impose  zero  derivatives. 


201 


5.  RESULTS 


A.  Mcxiel  ID 

We  consider  the  (low  and  the  electric  discharge  steady.  First  we  calculate  the  turbulent  density  for  a  flow  through 
a  pipe  at  several  Reynolds  numbers.  The  ambipolar  diffusion  coefficient  (fig.2)  is  calculated  using  equation  2.  Then, 
equation  1  is  solved  in  order  to  obtain  the  electron  density  (fig.3).  Increasing  the  Reynolds  numbers  tends  to  flatten  the 
electron  density  profiles.  The  growth  in  the  ionization  rate  in  a  turbulent  flow  (fig.4)  is  necessary  in  order  to  balance  the 
increased  loss  of  charged  particles  to  the  walls  which  is  caused  by  increased  turbulent  diffusivity. 


fig.2.  Ambip>olar  diffusion  coefficient  in  a  turbulent  flow 


fig.3.  Electron  density  profiles  in  a  turbulent  flow. 


The  increase  in  the  ionization  rate  for  high  Reynolds  numbers  is  in  agreement  with  experimental  observations^*^. 
However,  the  values  are  below  the  predicted  values  of  Shawriz  &  Lavie^.  Indeed,  the  grid  size  at  the  wall  was  chosen  for 
the  low  Reynolds  numbers.  The  increase  in  the  Reynolds  number  leads  to  a  thin  boundary  layer  and  the  model  under¬ 
estimates  the  electron  loss.  It  seems  then  only  an  accurate  estimation  of  the  electron  loss  can  lead  to  correct  predictions. 


In  order  to  validated  our  model  we  use  the  experimental  results  of  Leys  &  al.^.  They  measure  electron 
concentration  m  a  discharge  tube  of  a  C02  laser.  The  gas  flow  was  turbulent  and  the  Reynolds  number  is  Re=5000.  The 
202  ambipolar  diffusion  coefficient  (fig.5)  is  calculated  with  equation  2  where  the  eddy  viscosity  for  turbulent  flow  through  a 


pipe  was  estimated  numerically.  The  first  grid  cell  near  the  wall  is  0,2ro  high.  Comparison  between  numerical  results  and 
experimental  data^  show  good  agreement,  as  seen  from  figure  6. 


fig.6.  Electron  density  profile. 


fig.7.  Axial  variation  of  the  ionization  rate. 


B.  Model  2D 

We  will  show  now  the  influence  of  the  flow  on  the  electron  density.  First  we  suppose  that  the  electron  drift  do  not 
interact  with  neutral  gas  and  the  discharge  has  no  thermal  effect  on  the  flow.  The  conservation  equation  3  of  the  electron 
density  and  the  momentum  equations  (of  the  neutral  gas)  are  solved  separately.  The  flow  under  study  is  a  2D  axi-symetric 
recirculating  turbulent  Argon  flow  at  Re=4(XX).  The  model  used  to  calculate  momentum  equations  and  eddy  viscosity  was 
presented  in  a  previous  paper^  The  condition  Io=constant  allows  to  calculate  the  ionization  rate  (fig.  7).  We  calculate  the 
ambipolar  diffusion  coefficient  (fig.  8,9)  with  equation  2.  Then  we  solve  the  electron  density  conservation  equation.  We 
see  that  the  recirculating  zone  acts  on  the  electron  density  profile  (fig.  10,11).  Indeed,  in  this  zone  the  turbulence  intensity 
and  the  ambipolar  diffusion  coefficient  are  important.  The  high  turbulence  intensity  tends  to  flatten  the  electron  density 
profile. 


fig.8.  Ambipolar  diffusion  coefficient  profiles. 


fig.9.  Ambipolar  diffusion  coefficient  profiles. 


In  the  vicinity  of  the  reattachment  point  radial  velocity  get  high  values.  However,  the  effects  on  the  electron 
distribution  due  to  mass  transfer  are  negligible  compared  to  the  effects  due  to  turbulent  diffusion.  Downstream,  the  effect 
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of  the  recirculating  zone  disappears  and  the  electron  density  profile  is  similar  to  the  electron  distribution  obtained  with  the 
ID  model. 


The  correlation  between  the  turbulent  motion  of  the  ions  and  that  of  the  neutral  gas  depends  on  physical  and 
geometrical  characteristic  of  the  flow  4,6.  We  want  to  now  if  the  ions  and  the  neutral  gas  motion  are  correlated.  We 
dispose  of  experimental  measures^  of  temperature  in  to  the  discharge  tube  at  z/ro=10,6  and  15,4.  First  we  determinate  the 
electron  distribution  (fig.  12, 13)  with  and  without  turbulent  ambijx)lar  diffusion.  If  the  ions  and  the  neutral  gas  motion  are 
not  correlated  then  the  electric  current  is  constricted  in  a  region  near  the  tube  axis.  If  they  are  correlated,  the  axial  current 
density  value  drops  50%  approximately.  Second,  we  suppose  the  electron  distribution  fixed  and  the  momentum  and 
energy  equations  are  solved.  Comparison  between  measured  and  calculated  enthalpy  (fig.  14,15)  shows  that  a  better 
predicted  temperature  profiles  are  obtained  if  only  laminar  is  taken  into  account.  It  seems  that  in  the  case  under  study 
correlation  do  not  take  place. 


fig.l2.  Axial  variation  of  electron  density.  fig.  13.  Electron  density  profile  at  z/ro=15,4  (Ne^,8xl0  ^^cm‘^) 

Effect  of  turbulent  ambipolar  diffusion  coefficient. 
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fig.  14.  Static  enthalpy  profile  at  z/ro=10,6  (wo=275m/s).  fig.  15.  Static  enthalpy  profile  at  z/rcFl5,4  (wo=275m/s). 


6.  CONCLUSIONS 

In  this  paper  we  propose  a  model  of  a  glow  discharge  in  a  turbulent  flow.  The  electron  density  is  calculated  using 
a  conservation  equation.  First,  the  study  of  a  ID  steady,  axisymmetric,  turbulent  and  compressible  flow  with  a  stable 
electric  discharge  shows  the  effects  of  the  turbulence  on  the  electron  density.  This  model  is  validated  with  experimental 
data  of  Leys  et  al^.  In  this  particular  case  of  a  CO2  laser  cavity,  theoretical  results  are  in  good  agreement  with  the  reported 
measures.  Second,  the  model  was  applied  to  a  2D  argon  flow  for  which  experimental  temperature  radial  profiles  in  two 
sections  of  the  discharge  tube  were  available.  The  temperature  distribution  is  calculated  by  assuming  that  the  heating  of 
the  gas  does  not  act  on  the  current  density  which,  in  turn,  highly  influences  the  temperature  distribution  throughout  the 
tube.  This  study  shows  that  the  knowledge  of  the  temperature  field  allows  to  characterize  the  correlation  between  the 
plasma  oscillations  and  turbulence  fluctuations  of  the  neutral  gas. 
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ABSTRACT 

We  present  the  marking  tedmique  based  on  computer-controlled  electromechamcal  diaphragm  array  and  focusing  i^stem, 
which  allows  codes  to  be  laser-written  on  dot-array  sequences  basis. 

Key  words:  multiwaveguide  C02  laser,  C02  slab  laser,  Talbot  selection,  laser  marker. 

INTRODUCTION 

One  of  the  applications  of  the  technological  lasers  is  marking  [1].  Usually  a  laser  beam  is  directed  using  an  optical  system 
on  a  target  making  a  fast  trace.  For  a  proper  shape  of  the  trace,  laser  beam  is  deflected  in  two  planes  using  computer 
controlled  mirrors.  Advantages  of  these  type  of  the  markers  is  marking  any  shapes  -  characters  or  drawings.  Disadvantages 
are  slow  speed  of  the  marking  and  relatively  high  price  of  the  optical  deflected  systems. 

CONSTRUCTION 

We  built  two  laser  sources  for  multidot  marking.  In  the  first  version  it  was  a  multiwaveguide  RF  excited  C02 


Fig.  1.  Construction  of  the  multiwaveguide  laser 

laser.  The  construction  of  the  multiwaveguide  laser  was  based  on  the  known  "sandwich”  type  (see  Fig.  1).  Top  and  bottoms 
electrodes  was  cooled  with  tap  water.  We  cut  off  7  channels  in  alumina  ceramic  with  dimensions  of  2.3  x  2.3  mm.  A  silicon 
total  reflecting  and  92%  reflecting  ZnSe  mirrors  we  used  as  an  optical  resonator  of  400  mm  in  length.  C02:N2:He  +  Xe  = 
1:1:3  +  5%  gas  mixture  at  100  Torr  of  pressure  was  used.  The  laser  was  supplied  with  a  125  MHz  generator.  At  1000  W  of 
input  we  achieved  100  W  of  output  distributed  into  7  channels.  Each  laser  channel  operated  in  singular  waveguide  EHll 
mode  [2],  The  best  distance  for  multidots  marking  is  beyond  the  focus,  in  the  reimage  area. 

The  alternative  construction  for  multidot  operation  was  the  Talbot  selected  RF  excited  C02  slab  laser.  The 
construction  of  the  slab  laser  was  similar  to  above  one.  Instead  of  the  multiwaveguide  channel  we  used  a  slab,  cut  off  in  the 
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top  electrode 


Fig.  2.  Slab  laser  with  Talbot  selection  EH9,1  mode  and  seven  diaphragmed 
dots  required  for  marking 


CONSTRUCTION 


We  built  two  laser  sources  for  multidot  marking.  In  the  first  version  it  was  a  multiwaveguide  RF  excited  CO2  laser. 
The  construction  of  the  multiwaveguide  laser  was  based  on  the  well  known  "sandwich”  structure  (see  Fig.l).  Top  and 
bottoms  electrodes  were  cooled  with  tap  water.  The  laser  structure  consists  of  seven  channels  cut  off  in  alumina  ceramic 
with  dimensions  of  2.3  x  2.3  mm.  A  total  reflecting  mirror  and  92%  reflecting  ZnSe  mirror  formed  an  optical  resonator  of 
400  mm  in  length.  C02:N2:He  +  Xe  =  1:1:3  +  5%  gas  mixture  at  100  Torr  of  pressure  was  used.  The  laser  was  supplied 
with  a  125  MHz  generator.  At  1000  W  of  input  we  achieved  100  W  of  output  distributed  into  7  channels.  Each  laser 
channel  operated  in  singular  waveguide  EH^  ^  mode  We  used  short  focal  lens  (f  =  10cm)  for  the  reimage  of  laser  output. 
The  reimage  plane  behind  the  focus  point  is  also  the  best  area  for  multidot  marking 
process. 

The  alternative  construction  for  multidot  operation  was  the  Talbot  selected  RF  excited  CO2  slab  laser^.  The 
construction  of  the  slab  laser  was  similar  to  above  one.  Instead  of  the  multiwaveguide  configuration  we  used  a  slab 
structure  with  Talbot  selected  grids.  The  slab  dimensions  were  18.63  mm  width  (9x2.07)  and  1.7  mm  high.  We  placed  the 
grids  of  gold  wires  50  pm  in  diameter  in  front  of  each  end  of  the  slab  channel  (see  Fig.  2)  forming  Talbot  conditions  for 
mode  selection.  The  distance  between  the  wires  was  2.07  mm.  The  total  output  power  of  the  laser  was  75  W. 


In  the  proposed  marker,  the  laser  beams  were  switched  by  a  electromechanical  diaphragm  array,  printing  the  characters  on 
a  moved  target  as  is  shown  in  Fig.3. 
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Fig,  3.  Principle  of  the  multidot  laser  marking 


EXAMPLES 

The  Fig.  4  shows  the  examples  of  marked  patterns  using  above  laser  marker. 


Fig.  4a.  Marked  pattern  on  a  piece  of  wooden  cylinder 
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Fig.  4b.  Marked  pattern  on  a  plastic  box 


CONCLUSIONS 

The  proposed  method  of  marking  can  be  quicker  and  cheaper  than  used  optical  deflecting  systems.  The  mam 
advantage  is  the  simplicity  of  the  optical  system  (lack  of  galvano  scanners).  The  dimension  of  the  characters  can  be  easily 
set  using  an  optical  system  with  chosen  magnification.  Disadvantage  of  the  method  is  inability  of  drawing  of  continues 
lines:  the  obtained  picture  consists  a  mosaic  of  dots. 

Speed  of  Ae  device  in  the  first  non-optimized  experiments  was  4  characters  per  second.  We  work  on  improving 
the  marking  speed.  The  efficiency  of  divice  could  be  also  improved  by  pulsing  the  laser  output.  Synchronisation  of  the 
laser  pulsing  with  external  electromechanical  swiching  system  would  increase  the  energy  per  pulse  per  dot. 

The  proposed  method  of  marking  can  be  applied  in  production  processes  where  manufactured  objects  are  moving, 
in  their  nature,  perpendicularly  to  the  observer. 
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1.  ABSTRACT 

Microwave  discharge  has  been  proposed  for  high  power  laser  oscillator.  However,  there  are  few  practical  high  power 
(over  IkW)  microwave  excited  CO2  laser  oscillator  since  it  is  difficult  to  establish  a  homogeneous  discharge  region  across 
and  along  a  laser  tube  for  coaxial  fast  gas  flow  laser. 

This  paper  proposes  a  practical  high  power  microwave  excited  CO2  laser  oscillator  by 

1)  employing  orthogonal  crossing  electric  field  for  radial  homogeneity  of  the  discharge 

2)  dividing  the  axial  discharge  region  of  the  laser  tube  into  several  discharge  sections  for  stable  discharge 

3)  selecting  the  optimized  gas  flow  to  maximize  the  laser  output  laser  power. 

Applying  these  technologies,  the  experimental  apparatus  achieved  270W  laser  output  at  1.4  kW  input  microwave  power 
per  the  waveguide.  The  equipment  is  also  able  to  scale  up  by  connecting  tubes,  which  consist  of  five  waveguides  per  tube, 
and  confirmed  1.8  kW  for  the  same  volumetric  gas  flow  rate  and  the  structure  of  a  conventional  1.8  kW  DC  laser. 

The  proposed  methods  may  provide  a  practical  high  power  microwave  excited  CO2  laser  oscillator  that  exceeds  the 
conventional  DC  discharge  one. 


2.  INTRODUCTION 

It  has  been  expected  that  microwave  discharge  is  suitable  for  high  power  and  high  frequency  pulse  laser  oscillator 
because  of  high  input  power  density,  less  gas  contamination,  less  degradation  of  optics,  low  supply  voltage,  low  cost  of 
power  source  and  quick  response  of  a  magnetron  compare  with  DC  or  RF  discharge.  However,  there  are  few  practical  high 
power  microwave  excited  CO2  laser  oscillator  since  it  is  difficult  to  obtain  a  homogeneous  discharge  region  across  and 
along  a  laser  tube.  Although  much  study  and  research  has  been  done  to  date,  more  practical  laser  oscillators  need  to  be 
proposed  to  widely  use  for  many  applications. 

This  paper  presented  a  practical  high  power  microwave  excited  CO2  laser  oscillator.  At  the  some  time,  the  basic 
performance  of  the  proposed  waveguide  and  of  the  multichanneled  waveguides  are  also  discussed. 

3.  UNIDIRECTIONAL  ELECTRIC  FIELD  (UDEF)  WAVEGUIDE 

Figure  1(a)  shows  the  structure  of  discharge  unit  of  the  experiment  setup,  which  consists  of  a  laser  tube  and  a  waveguide. 
The  waveguide,  so  called  unidirectional  electric  field  (UDEF)  waveguide,  consists  of  a  magnetron  (based  on  Panasonic  type 
2M244),  which  is  widely  used  for  a  microwave  oven,  and  stub  tuners.  The  laser  gas  flows  inside  the  tube  coaxial  with  the 
optical  axis  and  is  excited  by  the  microwave. 

The  microwave,  which  is  emitted  from  the  magnetron,  propagates  with  TEOl  mode  in  the  waveguide  and  forms  standing 
wave  between  stub  tuners  and  the  end  wall  of  the  waveguide.  A  laser  tube  (21mm  I.D.)  is  located  at  the  center  of  antinode  of 
the  standing  wave.  The  electric  field  applies  perpendicular  to  upside  wall  of  the  waveguide  and  switches  its  direction  from 
upside  to  bottom  wall,  vice  versa. 

To  modify  the  distribution  of  the  electric  field  intensity  in  the  waveguide,  a  ridge  is  widely  applied.  The  shape  of  a  ridge 
determines  to  be  optimized  the  electric  field  distribution  the  shape  of  the  distribution  and  is  optimized.  Figure  1(b)  shows 
the  image  of  the  discharge  distribution,  taken  by  CCD  camera,  across  the  tube.  It  shows  the  discharge  image  is  related  to  the 
electric  field  and  the  discharge  area  covers  only  40%  of  the  cross  section  of  the  tube. 
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4.  ORTHOGONAL  CROSSING  ELECTRIC  FIELD  (OCEF)  WAVEGUIDE 

4.1  Performance  of  OCEF  waveguide  in  radial  direction 

Like  other  waveguides  used  for  microwave  excited  lasers,  UDEF  gives  lean  discharge  area  because  of  it  s  fixed  electric 
field  direction.  The  small  discharge  area  causes  local  gas  temperature  rise,  generation  of  undesired  arcs,  and  leads  the 
saturation  of  output  laser  power.  To  randomize  the  electrical  field  and  broaden  the  discharge  area,  the  orthogonal  crossing 
electric  field  (OCEF)  is  developed.  ^  OCEF  achieved  an  unfixed  electric  field  by  synthesizing  two  electric  field  vectors 
which  have  slightly  distinct  frequencies  respectively.  Figure  2(a)  shows  the  typical  OCEF  waveguide,  which  is  composed  by 
right-angled  waveguides,  two  magnetrons  and  two  sets  of  stub  tuners.  Two  waveguides  intersect  each  other  at  the  center  of 
a  laser  tube. 

Two  magnetrons  emit  microwave  simultaneously,  whose  frequencies  are  different  from  each  other.  The  microwaves  form 
two  orthogonal  electric  fields  at  the  center  of  the  tube.  The  fields  vectors  are  synthesized  to  one  rotational  vector.  The  locus 
of  the  rotational  vector  depends  on  the  difference  of  the  frequencies  of  magnetrons. 

Figure  2(b)  shows  the  image  of  discharge  distribution  across  the  tube  and  it  shows  the  homogeneous  discharge  distribution 
and  the  discharge  area  covers  70%  in  the  radial  direction  of  the  tube. 

4.2  Performance  of  OCEF  waveguide  in  longitudinal  direction 

Since  the  intensity  of  the  electric  field  must  be  zero  at  the  wall  of  the  waveguide  and  at  the  nodes,  it  is  difficult  to  achieve 
homogeneous  discharge  distribution  along  the  tube  axis.  Figure  3  shows  the  visible  light  intensity  distribution  of  discharge 
area  along  the  tube  axis  taken  by  optical  fiber  and  avalanche  photo  diode  as  a  function  of  the  position  from  the  center  of  the 
waveguide.  The  gas  flows  from  -to  +  direction. 

It  shows  the  peak  of  the  visible  light  intensity  distribution  moves  to  downstream  and  it  depends  on  input  microwave 
power.  This  leads  the  practical  discharge  region  is  much  smaller  than  the  width  of  the  waveguide.  Therefore,  the  waveguide 
can  provide  very  compact  discharge  volume  and  this  leads  high  output  laser  power  density  compare  to  the  conventional  DC 
discharge.  On  the  other  hand,  the  visible  light  intensity  distribution  for  longitudinal  direction  become  unstable,  which 
jumps  to  upstream  from  downstream  in  the  waveguide  cyclically,  under  the  high  input  microwave  power.  It  implies  the 
limitation  of  the  input  microwave  power  in  the  waveguide. 

Figure  4  shows  the  local  small  signal  gain  coefficient  as  a  function  of  distance  from  the  wall  of  the  waveguide.  The 
coefficient  decreases  along  the  distance.  It  shows  the  existence  of  the  gain  at  the  downstream  of  the  waveguide  and  the 
decay  of  the  gain.  This  decay  must  be  considered  to  extract  output  laser  power.  ^ 

Figure  5  shows  output  laser  power  vs.  input  microwave  power  for  OCEF  and  UDEF  waveguides.  OCEF  waveguide 
achieved  270  W  output  laser  power  for  1.4  kW  input  microwave  power. 

4.3  Performance  of  OCEF  waveguides 

To  obtain  high  output  laser  power  laser  oscillator,  the  number  of  OCEF  waveguide  (i.e.  the  number  of  channel)  and  the 
distance  between  the  OCEF  waveguide  must  be  optimized.  The  optimization  is  based  on  the  simulation.  The  characteristics 
of  the  microwave  excited  laser  oscillator  depend  on  the  length  of  laser  tube  strongly  as  well  as  operating  conditions.  Figure 
6  displays  a  typical  result  of  the  calculation  under  the  four  OCEF  waveguides  set  along  the  tube  (length  is  680mm).  It  shows 
the  ratio  of  the  number  of  excited  N2  to  the  number  of  N2  as  a  function  of  position  of  waveguide  where  set  origin  at  gas  inlet 
of  the  tube.  From  the  figure,  four  steep  peaks  that  caused  by  each  waveguide  can  be  observed.  According  to  the  simulation, 
five  OCEF  waveguides  gives  maximum  power  for  experiment  oscillator  (tube  length  =  636mm). 

The  laser  gas  flow  is  also  optimized  for  five  OCEF  waveguides.  Figure  7  shows  the  output  laser  power  vs.  input 
microwave  power  for  different  gas  flow,  in  gas  velocity  distribution  .  The  uncontrolled  gas  flow  is  assumed  turbulent  at  inlet, 
laminar  at  laser  gas  outlet  of  the  tube.  On  the  other  hand,  the  controlled  gas  flow  is  the  rotational  flow  accompany  with 
straight  flow  at  inside  of  the  flow. 

4,4  Apply  OCEF  waveguides  to  DC  laser  oscillator 

To  compare  the  maximum  output  laser  power  of  microwave  excited  CO2  laser  oscillator  to  a  conventional  DC  excited 
laser  oscillator,  apply  OCEF  waveguides  to  1.8  kW  DC  laser  under  same  volumetric  gas  flow  rate  and  the  structure.  The 
oscillator  consists  of  four  laser  tubes  and  has  five  OCEF  waveguides  for  the  tube.  It  marked  1.8  kW  as  DC  marks  (Figure  8). 
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5.  CONCLUSION 


A  practical  high  power  microwave  excited  CO2  laser  oscillator  has  been  developed.  It  marks  1.8  kW  output  laser  power 
for  the  same  volumetric  gas  flow  rate  and  structure  of  a  conventional  DC  discharge  one.  It  is  realized  by 

1)  employing  orthogonal  crossing  electric  field  for  radial  homogeneity  of  the  discharge 

2)  dividing  the  axial  discharge  region  of  the  laser  tube  into  several  discharge  sections  for  stable  discharge 

3)  selecting  the  optimized  gas  flow  to  maximize  the  laser  output  laser  power. 
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Figure  1  Experiment  setup  with  UDEF  waveguide  (a)  and  dischai^e  image  across  tube  (b) 


Figure  2 


(a) 


(b) 


Scheme  of  a  typical  OCEF  waveguide  (a)  and  dischai^e  image  across  tube  (b) 
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Figure  5  Output  laser  power  of  OCEF  and  UDEF 
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Figure  6  A  typical  result  of  simulation 
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Figure  7  Output  laser  power  for  controlled 
and  uncontrolled  gas  flow 
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Figure  8  Output  laser  power  vs.  input  microwave  power 
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ABSTRACT 

In  an  e-beam  controlled  CO2  laser  unit  the  spatial,  temporal  and  spectral  properties  of  the  small-signal  gain  were 
investigated  in  a  single  pass  geometry.  A  smooth  spatial  distribution  was  found  with  peak  values  of  2.9  %/cm  near  the 
cathode  at  112.5  J/(l  bar).  No  reduction  in  the  gain  value  was  monitored  up  to  repetition  rates  of  60  Hz  when  circulating  the 
laser  gas  with  a  gas  flow  velocity  of  100  m/s.  A  HeNe  laser  probe  beam,  being  coUinear  to  the  COj  laser  beam,  was  used 
to  monitor  shock  waves  or  mechanical  vibrations  by  measuring  its  deflection.  This  investigation  showed,  that  the  small-signal 
gain  measurements  were  not  interfered  by  any  disturbances. 

Keywords:  e-beam  controlled  COj  laser,  small-signal  gain  measurements. 

1.  INTRODUCTION 


The  precise  knowledge  of  the  smaU-signal  gain  distribution  at  different  energy  loadings  is  important  for  the  layout 
of  a  phase  conjugate  MOPA  scheme.  Phase  conjugation  by  4WM  will  be  applied  in  such  a  system  for  the  cancelation  of 
phase  aberrations  as  it  is  a  standard  technique  in  the  10  fxm  wavelength  range. 

2.  EXPERIMENTAL 


The  small-signal  gain  measurements  were  performed  within  the  discharge  volume  of  a  repetitively  pulsed  e-beam 
controlled  CO2  laser.  The  unit  is  completely  sealed  with  an  active  volume  of  12  litres  and  a  gain  length  of  1.2  m.  In  an 
unstable  resonator  configuration,  the  laser  is  capable  of  emitting  laser  pulses  with  energies  of  up  to  120  J  at  repetition  rates 
of  up  to  60  Hz.  The  e-beam  source  has  been  designed  to  produce  electron  pulses  of  more  than  150  keV  energy  and  current 
densities  of  about  100  mA/cm^.  The  e-beam  pulse  duration  is  typically  10  fis.  A  gas  mixture  with  a  partial  pressure  ratio  of 
CO2  :  N2  :  He  =  1:2:7  is  used,  having  an  overall  pressure  of  500  mbar.  Additional  information  on  the  technical  details  can 
be  found  in  Ref  [1]. 

A  sketch  of  the  experimental  layout  is  shown  in  Fig.  1.  A  wavelength-tunable  6  W  cw  COj  laser  1  is  used  as  the 
probe  laser.  Its  wavelength  and  power  are  measured  with  spectrum  analyser  2  and  thermopile  detector  3.  A  HeNe  laser  beam 
6  is  adjusted  collinearly  to  the  probe  laser  beam  with  mirrors  7  and  beamsplitter  8  (1  %  reflectivity  at  10.6  fim).  With  two 
HR  mirrors  7,  the  radiation  is  directed  to  a  coUimation  lens  9  (focal  length  2  m)  and  a  x/y  translation  stage  10,  which  allows 
a  horizontal/vertical  scan  of  the  discharge  volume.  The  probe  beam  radiation  is  amplified  when  the  discharge  is  fired.  The 
discharge  volume  is  sealed  by  two  KCl  windows  11.  The  1/e^  diameter  of  the  CO2  probe  laser  beam  near  the  exit  window 
1 1  was  measured  to  be  10  mm.  After  a  single  pass  through  the  discharge  volume  12,  the  radiation  is  directed  through  two 
apertures  13  and  a  shutter  unit  14.  The  shutter  unit  which  is  synchronized  to  the  discharge  unit,  opens  for  a  period  of  10  ms. 
During  this  period,  the  e-beam  and  the  main  discharge  are  activated.  This  prevents  thermal  damage  of  the  CO2  laser  detector 
20.  Photodiode  17  following  the  HeNe  filter  16  is  used  to  measure  the  deflection  of  the  HeNe  laser  beam.  A  ZnSe  lens  19 
with  a  focal  length  of  f  =  25,4  mm  collects  the  CO2  laser  radiation  onto  the  active  area  of  the  photo-electromagnetic  detector 
20. 

Fig.  2  depicts  the  cross-section  of  the  discharge  volume  with  the  e-beam  window  on  the  left  and  the  cathode  on  the 
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right  with  a  separation  of  10  cm.  The  arrows  indicate  the  location  of  linear  scans  of  the  probe  beam  through  the  discharge 
volume  (cf  Fig.  3).  The  circle  corresponds  to  the  contour  of  the  KCl  window. 


1  2  3 


Fig.  2  Cross-secdonof  discharge  volume  (downstream 
view).  The  arrows  indicate  linear  scans  of  the 
probe  laser  in  the  gain  volume. 


3.  RESULTS  AND  DISCUSSION 

3>1  Tanporal  measuranents 

All  the  small-signal  gain  values  are  calculated  from  the  peak  values  of  the  temporal  dependence  of  the  laser  light 
amplitude  (Fig.  3).  The  delay  of  the  peak  of  the  amphfied  probe  laser  beam  compared  to  the  peak  of  the  discharge  current 
pulse  is  approximately  6.5  ^s,  independent  of  the  energy  loading.  The  amplified  probe  laser  duration  at  FWHM  decreases 
from  31.8  fis  at  61.7  J/(l  bar)  to  24  fis  at  121  J/(l  bar). 


Time  [ps] 

Fig.  3  Temporal  dependence  of  the  CO2  laser  Hght  amphtude  {X  =  10.59  /im)  after  firing  the  discharge  at  different  energy 
loadings  measured  along  the  centerline  of  the  discharge  region. 

To  check  for  the  interference  from  shock  waves  and  mechanical  vibrations  on  the  small-signal  gain  measurement  the 
deflection  of  a  collinear  HeNe  laser  beam  was  recorded  simultaneously  with  the  CO2  laser  beam  (Fig.  4).  The  lower  trace 
in  Fig.  4  shows  a  slight  increase  in  amplitude  due  to  the  opening  of  the  shutter,  followed  by  the  amplified  pulse.  The  upper 
trace  corresponds  to  the  HeNe  reference  beam,  which  is  unaffected  during  the  gain  process.  A  distinct  decrease  in  amplitude 
approximately  100  /is  after  the  peak  of  the  lower  trace  is  probably  due  to  shock  waves  triggered  by  the  discharge. 


216 


Fig.  4  Simultaneous  recording  of  HeNe  and  COj  laser  amplitudes  (horizontal  scale:  100  fisIDlW),  The  HeNe  laser  beam 
served  as  a  reference  to  monitor  mechanical  vibrations  and  shock  waves.  The  active  gain  length  in  this  measurement 
was  2.4  m. 

3.2  Spatial  measuronents 

The  spatial  measurements  were  done  in  horizontal  and  vertical  direction  at  energy  loadings  of  61.7  J/(l  bar)  and 
112.5  J/(l  bar)  (Fig.  5).  Smooth  distributions  were  found  ^vith  the  highest  small-signal  gain  values  of  2.9  %/cm  at  112  J/(l 
bar)  1  cm  apart  from  the  cathode.  In  the  vertical  direction,  a  symmetrical  distribution  was  found  with  a  maximum  in  the 
centre  of  the  discharge  region.  This  can  be  explained  from  discharge  geometry.  The  electric  field  is  highest  near  the  cathode, 
which  results  into  higher  small-signal  gain  values  in  this  region. 


Fig.  5  Measurement  of  the  small-signal  gain  distribution  by  vertical  (left  figure)  and  horizontal  (right  figure)  line  scans  at 
two  different  energy  loadings  at  a  probe  laser  wavelength  of  X  =  10.59  fim, 

3.3  Spectral  measurements 

The  spectral  dependence  in  the  10  P  branch  is  shown  in  Fig.  6.  The  maximum  value  at  the  10  P(16)  laser  line 
at  61.7  J/(l  bar)  is  shifted  to  longer  wavelengths  (10  P  (16)  -  10  P(20))  when  the  energy  loading  was  increased  to  112.5  J/(l 
bar),  resulting  into  higher  thermal  loading  of  the  laser  gas. 


Laser  line  (10  pm  P  branch) 

Fig.  6  Spectral  dependence  of  the  small-signal  gain  in  the  10  /im  P  branch  in  the  centre  of  the  discharge  region. 

3>4  Repetition  rate  measurements 

The  necessity  of  gas  circulation  can  be  inferred  directly  from  the  left  part  of  Fig.  7,  where  the  result  from  repetitive 
pulse  experiments  with  and  without  gas  flow  is  depicted.  Without  gas  circulation  the  small-signal  gain  drops  within  several 
pulses  to  60  %  of  its  initial  value.  In  case  of  flowing  gas,  the  small-signal  gain  stays  constant  at  higher  repetition  rate  (60  Hz) 
and  energy  loading  (112.5  J/(l  bar)  (Fig.  7,  right  part). 


Fig.  7  Small-signal  gain  under  repetitively  pulsed  conditions.  The  figure  on  the  left  was  monitored  with  a  repetition  rate 
of  50  Hz  at  61.7  J/(l  bar)  with  flowing  laser  gas  at  100  m/s  (black  columns),  and  no  laser  gas  circulation  (light  gray 
columns).  The  figure  on  the  right  depicts  the  result  of  a  60  Hz  repetition  rate  measurement  at  112.5  J/(l  bar). 

4.  SUMMARY 

In  summary,  precise  and  reproducible  measurements  of  the  small-signal  gain  distribution  in  an  e-beam  controlled 
COj  laser  discharge  umt  were  performed.  In  addition,  the  spectral,  temporal  and  repetitive  pulse  behaviour  was  monitored. 
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ABSTRACT 

Two  methods  of  exciting  a  trigger  wire  double  discharge  electrode  system  are  investigated  for  the  generation  of  high 
repetition  frequency  pulsed  discharges  in  a  sub-atmospheric,  transversely  excited  CO2  laser.  Specifically,  a  10  jiis  Pulse 
Forming  Network  excited,  2  litre,  transverse  discharge  was  initiated  by  a  corona  discharge  generated  from  trigger  wires 
placed  above  a  planar  cathode.  The  discharge  was  pumped  at  pulse  repetition  frequencies  up  to  10  kHz  and  input  pulse 
energies  of  10  J.  Two  electrical  systems  for  exciting  the  auxiliary  preionizing  discharge  are  considered  viz.  direct  capacitive 
coupling  from  the  anode  voltage  and  separate  high  voltage  pulse  excitation.  The  laser  itself  was  designed  to  improve 
materials  processing  capabilities  of  CO2  lasers.  This  followed  from  a  detailed  theoretical  analysis  of  the  laser-material 
interaction  process  and  it  was  concluded  that  pulse  repetition  frequencies  of  about  5-10  kHz  were  needed  with  optical  pulse 
lengths  of  6-8  juis  and  plateau  powers  of  between  20  -  150  kW.  A  stable  single  pass  resonator  was  installed  and  used  to  assess 
the  performance  of  both  discharge  initiation  circuits  by  measuring  the  laser  output  pulse  energy  with  a  photon  drag  monitor. 
For  the  separately  excited  preionizer,  the  delay  time  between  the  preionizing  pulse  and  the  main  discharge  pulse  was 
optimised  by  maximising  the  laser  output  pulse  energy  as  a  function  of  the  delay  time.  The  discharge  was  modelled  using 
SPICE  to  investigate  the  effects  of  the  preionizing  electron  density  on  the  discharge  voltage  and  current. 

Keywords:  Preionization,  preionizer,  CO2  laser,  materials  processing 

1,  INTRODUCTION 

Generation  of  stable,  glow  discharges  suitable  for  pumping  pulsed,  laser  discharges  rely  on  efficient  preionization  of  the  gas 
and  high,  uniform  gas  velocities  to  clear  dissociation  products  from  the  discharge  region  and  minimise  temperature/density 
inhomogeneities.  The  preionization  mechanism  was  identified  in  CO2  lasers  as  being  due  to  ionisation  of  impurities  (in  He 
gas  bottles)  by  VUV  radiation'  ”  generated  by  corona  discharges.  Palmer^  developed  a  simple  model  of  the  preionization 
mechanism  and  concluded  that  an  initial  preionizing  electron  density,  n^,  greater  than  -  10^  cm was  required  to  ensure 
discharge  uniformity.  Through  theoretical  and  experimental  work  Levatter  and  Lin''  reduced  Palmer's  predicted  value  of  Uq 
by  a  factor  of  ~  600  and  showed  that  the  preionizing  voltage  pulse  must  have  a  fast  rise  time  (of  the  order  of  lO  *^  s  at 
atmospheric  pressures)  to  prevent  an  electron-free  region  developing  close  to  the  cathode  which  enhances  the  probability  of 
discharge  instabilities  developing.  Further  efforts  to  extend  the  operating  regime  of  gas  discharges  and  maximise  the  laser 
output  efficiency  led  to  examination  of  the  effects  of  seeding  the  gas  mixture  with  low  concentrations  of  low  ionisation 
potential  gases\  optimisation  of  the  laser  pumping  circuit  configuration^’’^,  and  investigations  into  the  effects  of  gas  velocity 
on  the  discharge  stability'^  and  the  laser  output^.  An  industrial  prototype  laser  has  been  developed,  reported  in  detail 
el se where with  a  simple,  robust  design  satisfying  the  design  requirements  to  achieve  enhanced  material  processing 
capabilities'”  ''^;  i.e.  laser  output  pulse  lengths  from  6-8  |is  with  workpiece  plateau  pulse  powers  of  approximately  10-150  kW 
and  maximum  pulse  repetition  frequencies  up  to  10  kHz. 

Figure  1  shows  a  schematic  of  the  pumping  circuit  and  laser  head  geometry.  The  discharge  volume  was  approximately  2.0 
litres,  with  a  discharge  gap  of  4  cm  and  electrode  width  of  6.0  cm;  the  maximum  pumping  pulse  energy  was  10  J,  delivered 
over  a  pulse  length  of  up  to  10  |Lis.  Two  Roots  blowers  were  used  to  convectively  clear  the  gas  from  the  discharge  region  at  a 
velocity  of  about  50  ms''  The  maximum  laser  operating  pressure  was  approximately  200  mbar.  The  specific  discharge 
energy  densities  were  low  and,  because  of  the  lower  pressure  and  the  subsequently  lower  absorption  of  the  preionizing  VUV 
radiation,  the  preionization  requirements  were  less  stringent  than  for  TEA  lasers.  A  set  of  trigger  wires,  comprising  105  brass 
rods  clad  in  Pyrex  and  placed  2  mm  above  the  cathode,  were  fabricated  and  used  to  generate  an  auxiliary  corona  discharge  for 
preionizing  the  anode/cathode  gap.  To  compare  the  effectiveness  of  the  trigger  wires  as  a  preionization  source,  two  methods 
were  used  to  initiate  the  preionization:  the  coupling  capacitive  technique,  and  a  separately  excited  preionizer.  A  circuit  model 
of  the  gas  discharge  was  developed  using  SPICE;  this  was  used  to  investigate  the  effect  of  the  preionizing  electron  density  on 
the  formative  time  lag,  and  the  discharge  current  and  voltage. 
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Figure  1  Pumping  circuit  configuration  Figure  2  High  voltage  preionizer  circuit 


2.  PREIONIZATION  SYSTEMS 

2.1  Coupling  capacitance 

A  fraction  of  the  main  discharge  energy  was  coupled  into  the  preionization  via  capacitor  Q.  The  voltage  drop  across  the 
trigger  wires  was  dependent  on  the  value  of  and  the  stray  trigger  wire  capacitance  (Q),  which  in  the  present  case  was 
measured  at  approximately  0.36  nF  and  was  dependent  on  the  trigger  wire  design  i.e.  the  dielectric  constant  of  the  medium 
surrounding  the  trigger  wires,  their  diameter  and  number.  No  significant  difference  was  found  in  the  discharge  stability 
provided  that  >  1  nF.  However,  if  <  1  nF.  the  discharge  collapsed  into  arcs;  this  was  probably  because  the 
preionization  energy  was  too  low.  It  was  found  that  the  voltage  drop  across  the  trigger  wires  was  dominated  by  the  value  of 
Q.  For  the  results  reported  herein,  a  value  of  Q  =  10  nF  was  used  and  inductance  La  (36  pH),  was  positioned  on  the  anode 
of  the  discharge  thyratron  to  limit  the  rate  of  growth  of  the  discharge  current  and  increase  the  thyratron’s  lifetime.  The  stray, 
circuit  inductance  was  insignificant  compared  to  L^,  and  therefore  the  value  of  La  limited  the  maximum  dV/dt. 

2.2  Preionizer  design 

Figure  2  shows  a  schematic  of  the  preionizing  circuit,  coupled  to  the  trigger  wires  via  a  l.T  pulse  transformer  (PTp).  The 
high  voltage  transformer  used  to  supply  the  preionizer  was  independent  of  the  main  discharge  power  supply  and  rated  at  30 
kVA  with  a  maximum  voltage  of  10  kV.  The  preionizer  smoothing  capacitance  (C^p  =  0.5  pF)  was  resonantly  charged  via 
inductor  L^p  within  80  ps;  this  allowed  operation  of  the  preionizer  up  to  10  kHz  with  a  10  ps  recovery  period  for  the 
preionizer  thyratron  (TP)  and  10  ps  pumping  pulse  widths.  The  inverse  diode  stack  dissipated  any  negative  residual  on  Cjp 
between  pulses  and  the  charging  diode  Dp  prevented  current  reversal  through  L^p.  The  pulse  transformer  was  used  to 
provide  electrical  isolation  between  the  trigger  wires,  the  thyratron  and  Cjp.  Moreover,  it  enabled  the  cathode  of  thyratron 
TP  to  be  grounded  and  the  trigger  wire  polarity  easily  reversed.  This  latter  feature  was  seen  as  beneficial  as  Marchetti*^ 
reported  obtaining  significant  differences  in  the  preionizing  electron  density  by  reversing  the  preionizing  source  polarity. 

3.  EXPERIMENTAL  RESULTS 

The  trigger  wire  voltage,  their  current  characteristics  and  laser  output  pulse  energy  were  observed  and  compared  for  single 
shot  and  continuous  pulse  mode  for  both  excitation  schemes. 

3.1  Testing  into  trigger  wires  :  single  shot  and  burst  mode 

The  voltage  and  current  waveforms  from  a  single  pulse,  or  the  first  pulse  of  a  pulse  train,  showed  rapidly  varying  transients 
that  lasted  for  about  50  ns;  these  were  found  to  be,  over  the  range  of  values  used,  independent  of  the  gas  pressure  and  gas 
composition.  Subsequent  pulses,  when  the  laser  was  operating  in  the  continuous  pulsed  mode,  had  smoother  and  temporally 
broader  waveform  characteristics  with  current  pulse  widths  of  approximately  450  ns  and  no  rapidly  changing  transients. 
Figure  3  shows  the  voltage  and  current  traces  for  the  second  pulse  of  a  pulse  train.  Because  there  was  no  voltage  doubling  of 
capacitor  C/^  for  the  first  pulse,  and  with  V^^=\0  kV,  the  energy  stored  on  Cjp  for  the  first  and  subsequent  pulses  was  0.25 
J  and  1  J  respectively.  Consequently,  the  preionizing  current  for  the  first  pulse  was  lower  by  a  factor  of  2  than  it  was  for 
subsequent  pulses.  However,  these  rapid  transient  breakdown  characteristics  were  similarly  observed  when  capacitive 
coupling  preionization  was  employed.  Interestingly,  for  each  preionization  initiation  scheme,  the  waveforms  became  more 
stable  as  the  laser  frequency  was  increased.  Above  1  kHz  the  shot  to  shot  variation  in  the  pulse  shape  was  less  than  1  %. 
Clearly,  the  trigger  wires,  once  breakdown  had  been  initiated,  were  much  easier  to  breakdown  on  subsequent  pulses.  No 
detailed  investigation  was  performed,  but  this  was  believed  to  be  due  to  the  presence  of  long  lived  metastable  states 
contributing  to  the  preionization  of  the  discharge  after  the  first  pulse  and  smoothing  out  of  irregularities  in  the  preionizing 
electron  density.  A  sharp  increase  in  current  was  observed  prior  to  the  main  displacement  current.  Typically,  these  current 
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pulse  widths  (FWHM)  were  in  the  ratio  of  about  1:6,  the  peaks  were  approximately  1:1.75,  and  dlf^/dt  was  about  2.7  x  10^ 
As‘^  Figure  4  shows,  for  a  1:1:4  gas  mixture  at  156  mbar,  the  trigger  wire  voltage  and  current  characteristics  with  the 
coupling  capacitor  connected.  However,  the  current  and  voltages  with  this  excitation  scheme  were  not  found  to  differ 
significantly  for  the  range  of  gas  mixtures  and  pressures  investigated.  The  peak  trigger  wire  current  achieved  with  the 
preionizer  was  larger,  by  about  a  factor  of  4,  than  that  obtained  with  the  coupling  capacitor  connected. 
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Figure  3  Trigger  wire  voltage  and  current :  preionizer 


Figure  4  Trigger  wire  voltage  and  current:  capacitive 


3.2  Laser  output  results 

Because  the  laser  output  is  dependent  on  the  initial  preionization  electron  density*'*"  the  performance  of  the  two  preionization 
methods  can  be  compared  by  measuring  the  relative  laser  pulse  energy  for  the  two  excitation  schemes.  With  the  preionizer 
connected,  the  laser  output  was  measured  as  a  function  of  the  delay  time  between  the  preionizing  pulse  and  the  main  pumping 
pulse  to  find  the  optimum  delay.  For  both  discharge  initiating  schemes,  no  effort  was  made  to  maximise  the  laser  output 
energy  as  only  the  relative  performance  of  the  two  systems  was  compared.  Consequently,  to  simplify  resonator  alignment 
only  a  single  pass  resonator  was  used,  which  utilised  approximately  10  %  of  the  discharge  volume.  A  1:1:0  gas  mixture  was 
used  at  a  total  pressure  of  40  mbar,  with  a  network  voltage  ot  12  kV.  The  single  pass  resonator  had  a  rear  mirror  radius  of 
curvature,  Rc  =  10  m,  and  a  plane  output  window  reflectivity,  rf  =  75  %.  The  delay  between  the  preionizing  pulse  and 
pumping  pulse,  t/,  was  adjusted  from  approximately  100  ns  to  500  ns.  Ten  values  of  the  laser  output  pulse  energy  were 
measured  at  each  value  of  ly  and  the  mean  value  of  the  laser  output  pulse  energy  and  the  standard  error  of  the  mean  were 
calculated.  For  long  or  short  time  delays  where:  535  ns  <  ty  <  120  ns,  the  discharge  became  striate  and  filamentary. 
Moreover,  the  laser  output  power  dropped,  the  pulse  shape  became  distorted,  high  order  ripples  appeared  on  the  pulse 
plateau,  and  the  output  delay  between  the  start  of  the  pumping  pulse  and  the  laser  output  increased.  For  delays  20-30  ns 
beyond  these  limits  the  discharge  arced.  The  preionizer  was  disconnected  and  a  10  nF  coupling  capacitor  connected  between 
the  trigger  wires  and  the  discharge  anode,  the  laser  output  was  measured  with  the  same  gas  fill  that  was  used  for  the  previous 
experiment.  Following  this,  the  preionizer  was  reconnected  and  the  laser  output  measured  again  to  ensure  repeatability. 
Figure  5  shows  the  variation  of  the  laser  output  pulse  energy.  Eg,  as  a  function  of  Ty,  with  the  preionizer  and  with  the 
coupling  capacitor  connected:  the  latter  was  drawn  as  a  straight  line  for  comparison  of  the  two  preionization  techniques.  The 
optimum  value  of  Tj  was  about  200  ns  and  the  output  was  comparable  in  both  cases  at  this  value,  with  an  overlap  in  the  error 
bars.  The  maximum  pulse  repetition  frequency  (PRF)  for  the  coupling  capacitive  scheme  was  about  1 .4  kHz,  whereas  with  the 
separate  excitation  circuit  the  maximum  frequency  was  1 .7  kHz;  this  represents  an  increase  of  20  %  for  the  separate  excitation 
circuit. 


4.  EFFECT  OF  PREIONIZING  ELECTRON  DENSITY 

The  discharge  was  modelled  using  SPICE''’,  to  assess  the  effects  of  the  pumping  circuit  components,  gas  composition  and 
pressure,  and  preionization  electron  density.  In  the  present  case,  the  effects  of  the  preionizing  electron  density  (no)  on  the 
formative  time  lag  of  the  discharge  were  examined.  Figures  6  shows  the  calculated  discharge  current  from  the  SPICE 
simulation  for  values  of  Uo  of:  lO"',  10®  and  lO’cm'l  The  formative  time  lag,  peak  discharge  current  and  voltage,  and  the  rate 
of  change  of  the  discharge  voltage  and  current  were  inversely  proportional  to  n„. 

5.  CONCLUSIONS 

Provided  that  the  relative  firing  time  between  the  preionizing  and  main  pumping  pulse  was  optimised  at  about  200  ns  the 
pulse  energies  for  both  excitation  schemes  were  comparable.  The  maximum  PRF  was  achieved  with  the  separately  excited 
preionizer,  and  was  approximately  20%  greater.  Large,  irregular  transients  were  observed  for  the  first  pulse  with  both 
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excitation  schemes,  however,  for  subsequent  pulses  the  waveforms  were  much  more  stable.  This  effect  may  be  due  to  the 
presence  of  long  lived  dissociation  products  perturbing  the  initial  preionization  conditions  for  subsequent  pulses.  A  discharge 
model  was  developed  using  SPICE  to  assess  the  effects  of  pumping  circuit  components  and  preionizing  electron  density  on 
the  transient  development  of  the  discharge  voltage  and  current.  The  formative  time  lag,  peak  discharge  current,  and  the  rate 
of  change  of  the  discharge  voltage  and  current  were  inversely  proportional  to  n„. 


Figure  5  Laser  output  for  both  excitation  schemes  Figure  6  Modelled  discharge  current 
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ABSTRACT 

Single-shot  performance  of  tandem  and  folded  frequency  doubling  schemes  has  been  investigated  in  AgGaSe2.  These  give  rise 
to  enhancements  of  up  to  a  factor  of  approximately  3  in  conversion  efficiency.  Experimental  results  are  compared  to 
theoretical  predictions. 

Keywords:  silver  gallium  selenide,  second  harmonic  generation,  tandem  frequency  doubling,  carbon  dioxide  laser. 

1.  PRINCIPLE  OBJECTIVE 

Frequency  doubling  at  carbon  dioxide  (CO2)  laser  wavelengths  provides  a  useful  source  of  coherent  mid-infrared  radiation  in 
the  4.6pm  to  5.4pm  waveband.  This  paper  reports  preliminary  investigations  into  possible  techniques  to  enhance  obtainable 
second  harmonic  conversion  efficiency  from  commercially  available  single  crystal  specimens  of  negative  uniaxial  AgGaSe2, 
which  have  good  optical  quality  but  short  effective  length. 


2.  ENHANCEMENT  TECHNIQUES 

Two  simple  techniques  for  enhancing  frequency  doubling  conversion  efficiency  from  AgGaSe2  specimens  have  been 
employed.  These  are  tandem  frequency  doubling^^^  and  folded  frequency  doubling^^^  techniques.  The  former  of  these  methods 
involves  a  sequential  arrangement  of  non-linear  specimens.  Two  anti-reflection  (AR)  coated  AgGaSe2  (SGSe)  samples  have 
been  used  for  tandem  measurements,  labelled  SGSe  A  and  SGSeB.  The  four  possible  tandem  sample  geometries,  1  to  4, 
relative  to  the  incident  pump  beam  are  indicated  in  figure  la.  In  the  latter  folded  method  both  generated  harmonic  and 
unconverted  pump  signal  are  returned  through  a  single  non-linear  sample  for  additional  passes.  Two  folded  beam  geometries 
have  been  investigated  both  of  which  utilise  a  single  AgGaSe2  sample,  SGSeB.  The  first  of  these  uses  a  plane  gold  coated 
mirror  to  return  both  pump  and  harmonic  beams  through  the  sample  for  an  additional  pass.  Double-pass  conversion  is  then 
measured  by  reflection  off  a  calibrated  beamsplitter.  This  geometry  is  subsequently  referred  to  as  the  plane  geometry.  The 
second  geometry  introduces  a  spatial  offset  in  both  return  beams  by  reflection  from  a  roof  mirror.  This  geometry  is 
subsequently  referred  to  as  the  roof  geometry  and  double-pass  conversion  is  measured  by  reflection  off  a  plane  gold  coated 
mirror.  Both  plane  and  roof  folded  geometries  are  indicated  in  figure  lb. 


3.  AgGaSe2  SAMPLE  SPECIFICATION 

Physical  and  optical  properties  of  both  AgGaSe2  samples  SGSeA  and  SGSeB  used  during  this  investigation  are  summarised  in 
the  following  table. 


Sample 

^crystal 

(mm) 

Lff 

(mm) 

Bcut 

(deg) 

A* 

Otco 

(m-‘) 

a36 

(pm/V) 

AR9A 

R9.55 

(%) 

pm 

H4.78 

(%) 

AR  4. 

R9.55 

(%) 

**** 

7  pm 

R4.78 

(%) 

SGSeA 

25.0 

25.0 

48.02 

2.5 

1.2 

22  ±4 

0 

-10.4 

-2.6 

0 

SGSeB 

25.0 

23.9 

48.02 

2.5 

1.0 

23  ±5 

0 

-10.5 

-2.2 

0 

*  Effective  interaction  length  derived  from  Type(I)  external  angle  tuning  curves. 

**  Absorption  coefficient  values  measured  @  9.55pm  and  a2co  measured  @  4.775pm. 

***  Second-order  non-linear  optical  coefficient  evaluated  by  comparison  of  experimental  single-shot  conversion 
efficiency  values  with  theoretical  conversion  predictions. 

****  Reflection  coefficient  values  for  each  AR  coated  face  have  been  estimated  from  infrared  transmission  spectra. 
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Fig.  1.  (a)  Graphical  representation  of  four  possible  tandem  geometries  for  two  AgGaSe2  samples.  Optic  axis  directions 
deduced  from  external  angle  tuning  curves,  figure  3.  (b)  Plane  and  roof  two-pass  folded  beam  geometries. 


4.  EXPERIMENTAL  PROCEDURE 

Frequency  doubling  measurements  were  made  using  a  hybrid  CO2  TEA  laser  wavelength  tuned  to  9.55|im.  The  pump  laser 
was  operated  under  single  axial  mode  conditions  and  had  a  TEMoo  Gaussian  spatial  intensity  profile.  The  experimental  set-up 
employed  is  shown  in  figure  2.  An  indication  of  typical  temporal  pump  pulse  profile  characteristics  is  also  included.  A 
750mm  ZnSe  focusing  lens  provided  a  1/e  focal  spot  size  of  0.58mm  with  a  corresponding  Rayleigh  range  Zr=2  1.5cm.  Beam 
quality  assessment  yielded  a  beam  quality  factor  M^=1.02.  In  both  tandem  and  folded  beam  geometries  sample  position 
relative  to  the  lens  focal  plane  was  chosen  to  ensure  equivalent  beam  divergence  profiles  through  each  sample.  The  calculated 
average  1/e  pump  beam  radius  within  each  sample  was  approximately  0,6mm. 


Fig.  2,  Experimental  set-up  and  typical 
temporal  pump  pulse  profile. 


tme(iisec) 


Pulse  Length  «  1 90nsec  FWHM. 
Peak  Power  «  35kW. 
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During  tandem  geometry  assessment  crystal-to-crystal  separation  was  restricted  to  60mm.  The  first  AgGaSe2  sample  SGSeB 
was  orientated  at  the  Type(I)  external  phase  match  angle.  An  external  angle  tuning  curve  for  the  second  crystal  SGSeA  was 
then  measured.  Finally,  optimum  external  energy  conversion  efficiency  measurements  were  obtained  at  the  peak  angle  of  the 
second  crystal  tuning  curve,  for  varying  incident  pump  intensity  values.  A  similar  procedure  was  employed  for  plane  mirror 
folded  geometry  assessment  except  that  optimisation  of  second  pass  conversion  was  achieved  after  measuring  a  plane  mirror 
angle  tuning  curve.  Tuning  curve  and  external  energy  efficiency  measurement  was  then  repeated  at  various  mirror-to-crystal 
separations  between  3  and  100mm.  External  energy  efficiency  measurement  during  roof  mirror  folded  geometry  assessment 
was  obtained  after  optimisation  of  roof  mirror  alignment  at  a  fixed  mirror-to-crystal  distance  of  50mm. 


5.  EXTERNAL  ANGLE  TUNING  CURVES 

Measured  external  angle  tuning  curves  obtained  during  tandem  and  folded  geometry  assessment  are  shown  in  figure  3. 
Theoretical  angle  tuning  curves  have  also  been  derived  taking  into  account  a  phase  shift  A(|)  between  the  second  harmonic 
signal  generated  in  the  first  crystal  (or  first  pass)  and  that  generated  in  the  second^''.  For  tandem  geometry  2  and  4, 
defi(A)=+defi(B)  and  A(t)=0  solid  curve,  whereas,  for  geometry  1  and  3,  def({A)=-deff(B)  and  A(t)=7r  thin-dashed  curve.  The 
theoretical  plane  mirror  angle  tuning  curve  has  been  generated  using  an  estimated  value  of  thick-dashed  curve. 


External  Tuning  Angle  (deg) 


0  0  5  1  1  5  2  2.5  3  3  5  4  4  5  5  5.5 

External  Tuning  Angle  (deg) 


-1  6  -1  2  08  04  0  04  08  12 

Rane  rrirror  tuning  angle  (deg) 


-5  5  -5  -4  5  -4  -3  5  -3  -2  5  -2  -1  5  -1  -0  5  0 

External  Tuning  Angie  (deg) 


External  Tuning  Angle  (deg) 


Fig.  3.  External  angle  tuning  curves. 

(a)  Tan(iem  geometry  1,  (b)  geometry  2,  (c)  geometry  3 
and  (d)  geometry  4.  (e)  Plane  mirror  angle  tuning  curve  for 
folded  geometry.  Black  symbols  represent  experimental 
data  and  solid  and  dashed  curves  correspond  to  theoretical 
angle  tuning  curves. 
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6.  EXTERNAL  ENERGY  EFFICIENCY  RESULTS 

Optimum  external  energy  conversion  efficiency  variation  with  incident  pump  intensity  for  both  tandem  and  folded  beam 
geometries  is  shown  in  figure  4.  Also  Included  are  measured  single-pass  energy  efficiency  values  through  SGSeB.  Theoretical 
energy  conversion  predictions  have  been  obtained  using  a  numerical  solution  to  the  coupled  wave  equations  for  plane  waves. 
This  model  incorporates  pump  depletion  and  absorption  at  both  pump  and  harmonic  wavelengths.  Energy  conversion 
efficiency  values  are  derived  from  peak  efficiency  predictions  taking  into  account  fixed  pump  temporal  (T)  and  spatial  (S) 
pulse  characteristics.  Assuming  a  triangular  temporal  profile  and  TEMoo  Gaussian  spatial  profile,  T  and  S  have  values  of  0.66 
and  0.5,  respectively.  Beam  walkoff  is  not  included  in  the  numerical  model.  Appropriate  crystal  parameters  for  each  sample 
are  tabulated  earlier  in  section  3.  A  predicted  single-pass  energy  conversion  curve  has  been  obtained  assuming  negligible 
dephasing  within  SGSeB  under  phase  match  conditions.  The  predicted  second-crystal  (or  second-pass)  conversion  curve  has 
been  calculated  assuming  AR  coating  face  geometry  4  or  1 ,  figure  1 .  Optimum  second  crystal  (or  double-pass)  alignment  is 
assumed  with  A(|)=0. 

(a)  (b) 


Rjmp  intensity  (MW/cnf)  Intensity  (tAA/tcnf) 


Fig.  4.  External  energy  conversion  efficiency  results  for  (a)  tandem  and  (b)  folded  beam  geometries.  Experimental  data  points 
are  indicated  by  symbols.  Predicted  single-pass  and  double-pass  energy  conversion  is  represented  by  solid  and  dashed  curves, 
respectively. 

7.  SUMMARY 

Maximum  second  harmonic  energy  conversion  efficiency  enhancement  was  measured  for  tandem  geometry  4.  This  gave  rise 
to  a  measured  external  energy  efficiency  of  8.9%  at  a  pump  intensity  of  3.4MW/cml  This  corresponds  to  a  factor  of  ~2.8 
increase  on  measured  single-pass  energy  conversion.  This  value  is  in  good  agreement  with  the  calculated  theoretical 
improvement  of  2.83  measured  at  the  same  pump  intensity  level.  By  virtue  of  relative  optic  axis  alignment,  tandem  geometries 
3  and  4  provide  beam  walkoff  compensation^^^.  Folded  geometry  assessment  yielded  a  maximum  energy  conversion  efficiency 
enhancement  factor  of  2.2  for  the  roof  geometry.  This  corresponded  to  an  energy  efficiency  of  6.3%  at  3.0MW/cm\  ( optimum 
plane  mirror  energy  efficiency  was  limited  to  5.3%  at  an  equivalent  pump  intensity.  This  represents  an  energ}  jificiency 
enhancement  of  1.8.  Measured  energy  conversion  for  the  plane  mirror  geometry  was  independent  of  mirror-to-crystal 
separation.  The  precise  reason  for  the  apparent  performance  difference  between  roof  and  plane  mirror  geometries  is  unclear  at 
this  stage.  Asymmetry  in  second-crystal  and  plane  mirror  tuning  curves  may  be  accounted  for  by  an  additional  dispersive 
phase-shift  introduced  by  AR  coatings.  This  has  yet  to  be  characterised  fully. 
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ABSTRACT 

The  design  of  compact  and  efficient  laser  sources  having  high  beam-quality  and  high  beam-power  is  an  objective  of  gas 
laser  research.  Therefore,  it  is  necessary  to  realize  highest  input  power  densities  while  producing  only  minimized  distortion 
of  the  optical  quality  of  the  laseractive  fluid.  A  non-concentric  helical  configuration  of  electrodes  in  combination  with  a 
particular  swirl  flow  allowing  for  homogeneous  deposition  of  28  kW  of  electrical  power  in  a  single  tube  element  and 
operating  at  the  choking  limit,  while  producing  only  350  nm  of  maximum  phase  distortion,  is  shown  in  theory  and 
experiment. 

Keywords:  non-concentric  helical  electrodes,  swirl  flow,  choking,  temperature  boundary  layer,  phase  distortion. 

1.  LIMITATION  DUE  TO  CHOKING 

According  to  the  law  of  conservation  of  energy,  an  increase  in  input  power  has  to  be  accompanied  by  an  increase  in  mass 
flow  rate  if  a  maximum  gas  temperature  should  not  be  exceeded.  The  well-known  one-dimensional  modelling  of  the 
distribution  of  the  gas  parameters  (temperature,  density,  pressure  and  velocity)  in  the  direction  of  the  flow  yields  that  in  a 
discharge  tube  of  constant  cross  section  the  physical  limitation  of  the  power  input  is  reached  when  sonic  velocity  is 

For  an  experimental  investigation  of  such  conditions 
a  homogenous  discharge  has  to  be  realized.  In  the 
experiments  an  input  power  of  20  kW  and  gas 
pressure  of  145  hPa  in  the  entrance  region  of  the  tube 
were  kept  constant.  The  gas  mixture  was 
He:N2:CO2  =  80:15:5  and  the  inner  tube  diameter 
46  mm.  The  mass  flow  rate,  measured  by  a  pitot- 
static  tube,  was  raised  by  increasing  the  pumping 
power,  i.e,  the  driving  pressure  difference,  see  Fig.l. 
The  discharge  at  these  conditions  cannot  be 
maintained  below  1 1  g/s  because  of  the  onset  of 
temperature-induced  discharge  instabilities.  If  the 
pressure  difference  is  increased,  mass  flow  increases 
approximately  linearly.  When  about  16  g/s  arc 
reached  the  increase  in  mass  flow  rate  lessens 
significantly.  The  one-dimensional  modelling  yields 
that  for  these  parameters  the  Mach  number  at  the  tube 
outlet  approaches  Ma  =  0.8. 


approached  at  the  end  of  the  discharge  tube  and  the  flow  chokes  . 


Fig.  1 :  Measured  mass  flow  rate  and  calculated  maximum 

Mach  number  at  the  tube  outlet  versus  driving  pressure 
difference  of  the  pumping  system;  input  power  20  kW, 


If,  however,  the  typical  velocity  profile  for  turbulent  tube  flow  is  taken  into  account,  one  can  see  that  the  average  velocity 
(which  is  considered  in  the  one-dimensional  modelling)  equals  80%  of  the  peak  velocity.  Hence,  the  peak  velocity  equals 
sonic  velocity  and  the  state  of  choking  is  already  reached  in  the  center  axis  of  the  tube.  When  the  mass  flow  rate  is  further 
raised,  the  choked  flow  area  centered  on  the  flow  axis  is  enlarged  as  well,  increasingly  blocking  the  flow.  This  leads  to  an 
increase  in  flow  resistance. 

In  view  of  these  facts,  one-dimensional  modelling  has  to  be  modified  in  order  to  account  for  the  two-dimensional  nature  of 
the  tube  flow.  Choking  already  starts  at  conditions  corresponding  to  a  one-dimensional  value  of  Ma  =  0.8,  and  thus 
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operation  of  stable  discharges  in  partially  choked  flows  appears  to  be  possible.  However,  in  order  to  realize  a  compact  yet 
efficient  laser  system,  the  maximum  (one-dimensional)  Mach  number  0.8  should  not  be  exceeded. 


2.  OPTICAL  QUALITY  AND  DISCHARGE  STABILITY 


Highest  optical  quality  and  discharge  stability  can  be  expected  when  the  gas  density  varies  only  along  the  flow  direction  r. 
Theiefoie,  radially  distorting  effects  have  to  be  reduced  or  compensated.  Such  effects  might  be  due  to  non-uniform 
dischaiges  and  temperature  effects  in  the  boundary  layer.  Even  in  the  case  of  a  homogeneous  discharge  (which  can  be 
realized  with  a  sophisticated  electrode  geometry)  the  latter  effect  has  to  be  considered  since  kinetic  energy  of  a  high-speed 
flow  is  dissipated  within  the  boundary  layer.  The  temperature  profile  is  coupled  with  the  velocity  profile  [I]  by 


T(r,z)  =  ^(O.z)  +Wr- 


v2(0,z)-v2(,-.z) 

2c. 


(I) 


wheie  'JWr  is  the  recovery  factor  for  turbulent  flows.  Radial  heat  transfer  can  be  disregarded  when  a  discharge  stabiliziniz 
air  gap  [2]  is  used  between  the  if-electrodes  and  the  quartz  tube.  The  velocity  profile  in  the  short  tube  changes  from  a  rather 
flat  profile  in  the  entrance  region  to  an  almost  completely  developed  turbulent  velocity  distribution.  In  [3]  the  developement 
of  velocity  profiles  in  entrance  regions  of  tubes  at  Reynolds-numbers  10000-50000  was  experimentally  investigated. 
Within  the  operating  range  of  typical  fast  flow  laser  discharge  tubes,  the  profiles  can  be  fitted  using 


v(/-,z) 


max 


R 


II  (z)  =  6  +  24  ■  exp  -■ 


"lo;?)- 


(2) 


R  is  the  tube  radius  and  is  the  peak  velocity  in  the  center  axis  of  the  tube.  It  can  be  shown,  that  the  thickness  of  the 
viscous  sublayer  in  the  immediate  neighbourhood  of  the  tube  wall  is  approximately  90  pm.  Therefore,  the  sublayer  is 
disregarded. 


Fig.  2:  Temperature  boundary  layer  in  unexcited  tube  flows.  Comparison  of  interferometric  measurements  and  adiabatic 

modelling  for  two  different  tube  dimensions  and  mass  flow  rates.  Left  side:  m  =  1 .8  g/s ,  v  .  =  120  m/s  , 

/?  =  8  mm  ;  right  side:/?/  =  25  g/s  ,  =  270  m/s  ,  /?  =  23  mm 

In  order  to  demonstrate  the  boundary  layer  effect,  theoretical  modelling  of  the  flow  as  well  as  interferometric  measurements 
were  performed  yielding  radial  density  and  temperature  profiles,  respectively.  To  find  the  averaged  (along  the  tube  length) 
temperature  profile  T(r),  eq.  1  has  to  be  integrated  along  the  flow  direction.  The  interferometricalTy  measured  and  calculated 
temperature  profiles,  displayed  in  Fig.  2,  correspond  well.  One  can  see  that  noticeable  temperature  profiles  due  to  energy 
dissipation  are  already  present  at  relatively  slow,  unexcited  gas  flows.  When  a  gas  discharge  is  applied,  this  boundary  layer 
effect  is  even  more  significant  as  the  velocity  increases,  see  eq.  1 . 

Using  linear  electrodes  for  an  rf-discharge,  the  effect  of  the  temperature  boundary  layer  can  be  compensated  only  partially 
with  the  design  of  the  electrode  shape.  As  displayed  in  Fig.3a  (bottom),  the  interferometrically  measured  phase  distortion 
shows  an  almost  undisturbed  temperature  layer  in  the  y-direction  but  a  complete  compensation  in  the  x-direction.  In  the 
corresponding  model  (Fig.3a,  top),  the  distribution  of  the  input  power  in  a  tube  cross  section  was  fitted  using  the  relation 
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exp  (— (.v//?)  “)  .  In  addition  to  the  one-dimensional  modelling  of  the  flow  parameters  and  the  temperature  profile  the 
turbulence-determined  thermal  diffusivity  was  taken  into  account.  It  was  interferometrically  measured  that  the  diffusivity 
was  raised  by  a  factor  of  130  due  to  turbulence. 


Fig.  3:  Measured  and  calculated  phase  distortions  produced  by  an  rf-discharge  using  linear  electrodes  of  an  optimized 

shape;  input  power  20  kW;  mass  flow  rate  16  g/s;  Ma  =  0.8;  two  different  swirl  flows:  (a)  no  swirl  flow  and  (b) 

S  =  0.55.  The  phase  distortion  is  denoted  by  the  interferometrically  measured  peak-valley  value:  pv. 

A  swirled  tube  flow  can  be  used  to  reduce  the  phase  distortion.  If  the  swirl  number  is  defined  at  the  tube  entrance  by 
5  =  (w  yv)  ,  where  u’  ,  is  the  maximum  tangential  velocity,  it  has  to  be  considered  that  S  should  be  below  0.7  in 
order  to  maintain  the  characteristics  of  a  forced  vortex  flow.  Otherwise,  a  free  vortex  is  established,  which  negatively  affects 
the  gas  discharge.  The  measured  phase  distortion  (Fig.3b,  bottom)  shows  a  twisting  angle  of  35°  and  less  distortion.  The 
modelling  includes  the  characteristics  of  an  exponentially  decaying  swirl  flow  [4]  and  was  calculated  using  S  =  0.55. 

If  a  helical  electrode  system  [5]  is  used  and  a  matched  counter-oriented  swirl  flow  is  applied,  the  compensation  of  the 
temperature  boundary  layer  is  improved  further  and  the  phase  distortion  shows  a  good  circular  symmetry  with  the  least 
amount  of  distortion  (see  also  Fig.5). 


Fig.  4:  Measurement  of  the  discharge  stability;  helical  and 

linear  electrodes;  different  swirl  states;  Calculated 
maximum  gas  temperature  and  Mach  number. 


Homogeneous  power  deposition  coiTesponds  not 
only  to  optical  quality  of  the  fluid  but  is  also  a 
prerequisite  for  a  high  degree  of  discharge  stability 
as  displayed  in  Fig.4.  The  symbols  stand  for  a 
particular  degree  of  filamentation:  one  slight 
filament  per  one  ms  time  range.  Since  this 
inhomogeneity  is  not  detectable  with  the  naked  eye, 
it  has  been  measured  with  a  high  shutter  speed 
camera.  It  is  evident  that  helical  electrodes  are 
superior  to  linear  electrodes  and  counter-oriented 
swirl  flow  is  of  further  advantage  since  input  power 
increases  while  mass  flow  rate  decreases.  A  stable 
discharge  reaching  the  requested  low  filamentation 
level  using  linear  electrodes  without  swirled  flow 
was  not  possible.  The  maximum  degree  of  discharge 
stability  was  realized  in  an  experiment  with  a  helical 
electrode  system  and  a  swirl  number  S  =  0.55.  An 
input  power  of  24  kW  at  a  mass  flow  rate  of  1 3.5  g/s, 
hence,  a  specific  energy  density  of  1780  J/g  in  a  gas 
flow  approaching  Ma  =  0.8  was  established.  The 
maximum  gas  temperature  approached  800  K. 
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A  high  level  of  optical  quality  and  discharge  stability  can  be  even  further  exploited  by  raising  the  gas  pressure.  With  that 
either  the  maximum  temperature  can  be  lowered  or  the  input  power  can  be  raised.  With  a  gas  pressure  of  162  hPa  at  the  tube 
entrance  it  was  possible  to  establish  a  stable  discharge  at  28  kW  input  power  in  a  swirled  tube  flow  at  15.5  g/s.  The 
measured  and  modelled  optical  quality  is  displayed  in  Fig.5.  The  used  non-concentric  helical  electrodes  have  been  designed 
to  actively  compensate  the  effect  of  the  temperature  boundary  layer.  As  a  result,  the  produced  phase  distortion  is  less  when 
the  discharge  is  turned  on  (Fig.5.b)  than  when  the  gas  flow  is  unexcited  (Fig. 5. a)  at  the  same  mass  flow  rate. 


Fig.  5:  Measured  and  calculated  phase  distortions  produced  by  an  unexcited  gas  flow  (a)  and  a  28  kW  rf-discharge  usinu 

helical  electrodes  of  an  optimized  shape  (b),  both  with  the  entrance  gas  pressure  162  hPa,  mass  flow  rate  15.5  g/s 
and  swirl  number  0.55.  The  phase  distortion  is  denoted  by  the  interferometrically  measured  peak-valley  value": 
pw 


3.  CONCLUSION 

It  has  been  shown  by  modelling  and  measurements  that  the  goals  of  realizing  compact  and  efficient  laser  systems  can  be 
achieved  at  flow  conditions  yielding  an  exit  Mach  number  of  0.8.  Furthermore,  it  was  demonstrated  ,  that  the  build-up  of  a 
tc'  'Oerature  boundary  layer  is  the  main  distorting  effect  for  the  optical  quality  of  the  flow  in  the  discharge  tube. 
(  u.sequently,  a  particular  combination  of  non-concentric  helical  electrodes  and  counter-oriented  swirl  flow  was  applied 
allowing  for  a  homogeneous  power  deposition  and  therefore  high  optical  quality  and  discharge  stability.  This  was  achieved 
because  of  the  active  compensation  of  the  temperature  boundary  layer  due  to  the  specific  electrode  shape.  At  an  input  power 
of  28  kW  to  a  single  discharge  tube  element  the  flow  approached  choking  conditions. 
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Temporal  and  spatial  properties  of  a  chopper  disc  Q-switched  high  power  C02-laser  with  an  unstable  resonator 

M.  Jung  *,  G.  Renz,  K.  Wessel,  and  W.  Schock 
DLR,  Institut  fiir  Technische  Physik,  Pfaffenwaldring  38-40, D-70569  Stuttgart 

ABSTRACT 

A  numerical  model  will  be  presented  to  describe  the  influence  of  the  diffraction  on  the  temporal  and  spatial  properties 
of  a  Q-switched  C02-laser.  The  model  includes  the  interaction  of  the  spatial  distribution  of  the  laser  field  with  the 
spatial  distribution  of  the  gain  medium,  the  diffraction  of  the  laser  field  due  to  edge  effects  of  the  rotating  chopper 
disc,  as  well  as  the  unstable  resonator  configuration.  A  RF-excited  SkW  C02-laser  has  been  used  to  produce  a  Q- 
switched  peak  power  of  600kW  at  a  pulse  duration  of  200ns  and  an  average  output  power  up  to  1.3kW.  Comparison  of 
the  numerical  results  with  the  experimental  data  will  be  shown. 

1.  INTRODUCTION 

Continuous  wave  C02-lasers  with  an  output  power  of  up  to  SkW  are  commercially  available  for  materials  processing, 
like  for  instance  cutting  and  welding  of  metals.  With  the  production  of  more  powerful  laser  pulses  at  high  repetition 
rates  and  inherently  higher  average  output  powers,  applications  of  Q-switched  laser  systems  appear  possible  like  for 
instance  surface  treatment,  isotope  separation,  etc.'’^.  The  Q-switched  C02-laser  with  a  rotating  chopper  disc  is  one  of 
the  favorite  candidates  In  fig.  1  the  schematical  drawing  of  the  RF-excited  C02-laser  with  a  transverse  gas  flow  is 
shown. 

front  view  side  view 


heat  exchanger  gas  flow 


Figure  1.  Q-switched  C02-laser. 

The  RF-modulator  (50kW,  27MHz)  applies  a  discharge  power  density  of  25Wcm‘^  (cw-mode,  SkW  laser  power)  and 
lOOWcm'-^  (super  pulse-mode,  20kW  laser  power)  The  gas  cooling  system  is  placed  on  the  bottom  part  of  the  gas 
circulation  system.  In  the  side  view  of  fig.l  the  double  pass  of  the  unstable  resonator  is  shown.  The  aperture  of  the  used 
pass  for  the  Q-switched  laser  is  2.8*2.8  cm^.  The  laser  beam  is  extracted  with  a  scraper  at  the  outcoupling  window. 
The  two  optical  passes  are  connected  with  a  90°  conical  mirror  which  acts  as  a  telescope  for  the  laser  beam.  The  chop¬ 
per  disc  is  placed  in  the  plane  of  the  line  focus  of  the  conical  mirror.  It  has  a  diameter  of  26cm  and  a  thickness  of 
150pm.  The  number  of  slits  is  18.  The  single  slit  has  a  length  of  4cm  and  a  width  of  500pm.  At  a  rotation  frequency  of 
400Hz  of  the  chopper  disc,  the  angular  velocity  at  the  outer  part  of  the  disc  is  326ms  ^  The  line  focus  extends  from  the 
outer  slit  edge  (326ms  ’)  to  the  inner  slit  edge  (220ms  ’).  At  a  rotation  frequency  of  400Hz,  this  leads  to  an  interpulse 
frequency  of  2.4kHz  (pump  pulse  time  in  cw-mode:  400ps).  In  order  to  suppress  an  early  laser  pulse  development  due 
to  the  high  reflectivity  of  the  polished  chopper  disc,  the  disc  is  positioned  in  an  angle  of  20°  to  the  optical  axis.  The 
laser  gas  composition  is  C02:N2:He  =  5:15:80  at  a  pressure  of  lOkPa.  At  a  frequency  of  2.4kHz  a  max.  power  of 
600kW  with  an  energy  per  pulse  of  180mJ  was  measured.  This  gives  an  average  output  power  of  1.3kW. 

*  present  address:  AMS  ,  Fraunhoferstr.  22,  82152  Martinsried/Miinchen 


SPIEVol.  3092  •  0277-786X/97/$10.00 


231 


2.  NUMERICAL  SIMULATION 


In  order  to  calculate  the  field  distribution  of  the  electromagnetic  wave  in  the  resonator  configuration,  the  Kirchhoff- 
Fresnel  integral  equation  has  to  be  solved.  The  integration  is  done  with  a  summation  over  a  2-dim  array.  For  the  calcu¬ 
lation  of  one  round  trip  in  the  resonator,  the  following  modules  have  to  be  treated  in  a  sequential  order:  concave  mir¬ 
ror,  laser  medium  in  pass,  chopper  disc,  laser  medium  in  2"^  pass,  convex  mirror,  laser  medium  in  2"**  pass,  chopper 
disc,  laser  medium  in  l®*pass,  concave  mirror  (see  fig.  2). 


Telescope  y  2 


Figure  2.  Unfolded  resonator  configuration  (left)  and  telescope  model  (right). 


The  pass  between  the  mirror  and  the  chopper  disc  is  calculated  with  the  diffraction  formula.  The  small  signal  gain  of 
the  laser  medium  is  determined  in  an  experimental  measurement  and  is  included  in  the  simulation.  The  conical  mirror 
and  the  chopper  disc  is  treated  in  the  framework  of  a  spherical  lens  telescope  and  a  1-dim  slit.  Therefore,  only  the 
influence  of  the  diffraction  at  the  edge  of  the  slit  is  calculated.  The  telescope  is  described  with  the  help  of  the  2-dim, 
complex  Fourier  optics.  The  transformation  from  the  mirror  plane  Ei  into  the  focus  E2  and  to  E4  is  given  by: 

with  the  aperture  function  A(x,y)=  rect(x-x„(t))/s  and  s  being  the  slit  width.  In  the  y-direction  the  disc  is  treated  as 
being  infinite.  The  Fourier  transformation  of  the  given  product  is  equivalent  to  the  convolution: 

3^[E^(x^,y^)-A{x,y)]=  ^[E^{x„y,)]  *3^[A{x,y)] 

->’l) 


The  simulation  starts  at  the  concave  mirror  R2  with  a  Gauss  distribution  of  the  laser  field  intensity  at  the  spontaneous 
emission  level  and  a  constant  phase  distribution  (see  fig.  3). 


x>axis 


Figure  3.  Temporal  development  of  the  transverse  field  distribution. 


After  the  first  pass  through  the  laser  medium,  the  field  distribution  has  not  changed  its  shape,  but  the  phase  distribu¬ 
tion  shows  a  curvature.  In  the  focus  of  the  telescope  the  part  of  the  field  between  25pm  and  525pm  can  pass.  After  the 
exit  of  the  telescope,  the  field  distribution  is  stretched  in  the  x-direction  due  to  diffraction  effects  at  the  chopper  disc. 
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After  passing  the  2.  pass  of  the  laser  medium,  the  field  distribution  is  distorted  and  only  the  field  in  the  circled  area  is 
reflected  at  the  mirror  Ri.  The  reflected  field  and  phase  distribution  is  shown  in  fig.  4  on  the  right  hand  side. 

R  p-  I.Pass  Telescope  2.  Pass  %  r 

2  1 
I  ^  optical  axis 


x-axis 

Figure  4.  Temporal  development  of  the  transverse  field  distribution. 


After  the  transfer  through  the  laser  medium  in  the  2.  pass,  the  field  is  expanded  into  the  y-direction.  The  slit  of  the 
chopper  disc  has  now  moved  to  the  position  20.8pm  with  an  opening  to  520.8pm.  The  subsequent  transformation 
through  the  telescope  develops  a  strong  diffraction  effect  in  the  x-direction  with  phase  disturbances  on  the  side  of  the 
edge  of  the  slit.  After  the  next  pass  through  the  laser  medium,  more  than  half  of  the  diffraction  maximas  are  moved 
outside  of  the  resonator.  In  fig.  5  the  development  of  the  transverse  mode  distribution,  considered  in  the  plane  of  the 
outcoupling  mirror  Ri,  is  shown. 


t=  26  ns  t=  1 82  ns  t=  260  ns 


[mm]  [mm] 


x-axis 

Figure  5.  Field  distribution  at  the  outcoupling  mirror. 

Four  resonator  round  trips  after  exceeding  the  laser  threshold  at  time  t=26ns,  two  intensity  maximas  have  developed. 
Six  further  resonator  round  trips  later  (t=182ns),  there  is  only  one  intensity  maximum  left.  This  intensity  distribution 
shows  after  three  more  round  trips  a  radial  symmetry  (t=260ns)  which  is  close  to  a  transverse  ground  mode.  Due  to  the 
reduction  of  the  small  signal  gain  on  the  optical  axis  in  the  following  round  trips,  the  intensity  moves  outwards  and 
leads  to  higher  outcoupling  losses.  In  fig.  6  the  results  of  the  numerical  calculation  of  the  temporal  behavior  of  the  laser 
power,  the  outcoupling  loss,  and  the  diffraction  loss  is  shown. 
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Figure  6.  Simulation  of  temporal  behavior  of  the  laser  action. 


The  angular  velocity  of  the  chopper  disc  is  320ms‘^  and  the  used  small  signal  gain  is  Q.7m  \  Due  to  the  high  outcou- 
pling-  and  diffraction  losses  of  the  laser  field,  the  start-up  of  the  laser  amplification  begins  after  the  edge  of  the  chop¬ 
per  disc  slit  has  passed  the  optical  axis  at  t=0.  In  fig.  7  the  far  field  distribution  is  displayed.  The  experimental  picture 
shows  a  rotational  symmetry  effect  due  to  the  rotation  of  the  chopper  disc. 
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Figure  7.  Far  field  :  a)  simulation,  b)  experiment, 

3.  SUMMARY 

By  using  Fourier  optics,  the  transient  behavior  of  a  Q-switched  C02-laser  has  been  simulated.  At  the  unstable  resona¬ 
tor  configuration,  diffraction  effects  at  the  chopper  disc  have  to  be  taken  into  account.  An  experimental  verification  of 
a  laser  system  with  a  peak  output  power  of  600kW,  a  pulse  energy  of  180mJ,  and  a  pulse  duration  of  200ns  at  a  repeti¬ 
tion  rate  of  2.4kHz  has  been  achieved. 
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CO2  laser  excited  by  microwave  discharge  using  stripline 
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ABSTRACT 

Recently  CO2  laser  excited  by  microwave  discharge  has  been  studied  to  achive  higher  efRcency  and  lower  cost 
laser  system[l][2][3].  In  this  study  a  stripline  was  used  to  guide  microwave  with  TEM  mode.  This  mode  has  al¬ 
most  homogeneous  intensity  distribution  of  electric  field  and  almost  homogeneous  discharge  could  be  obtained. 

keywords:C'02  laser, microwave  discharge, stripline, TEM  mode 

1  INTRODUCTION 

Conventionally  DC  discharge  has  been  used  as  excitation  of  CO2  laser.  The  disadvantage  of  this  method 
is  that  laser  gas  is  degraded  for  the  presence  of  metallic  electrode  in  the  gas.  And  RF  discharge  has  been 
increasingly  used  for  the  absence  of  electrode,  but  RF  power  generators  are  relatively  expensive.  So  microwave 
discharge  excited  CO2  lasers  have  been  studied  recently.  In  this  case,  usually  TE  or  TM  mode  with  rectangular 
waveguide  has  been  used.  But  it  is  difficult  to  generate  a  homogeneous  discharge  over  a  wide  volume,  because 
the  electromagnetic  distribution  of  TE  or  TM  mode  is  sine  curve.  So  we  suggest  TEM  mode  using  stripline. 
Because  the  electromagnetic  distribution  of  TEM  mode  is  almost  homogeneous  against  the  width  of  stripline. 
It  is  considered  that  homogeneous  discharge  could  be  obtained  and  gain  volume  will  spread. 

2  MICROWAVE  PROPAGATION  LINE 

Microwave  propagation  line  used  in  this  study  is  shown  in  Fig.l. 


Fig.l  Stripline  type  microwave  propagation  line. 
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Electric  field  of  TjEio  mode  in  a  rectangular  waveguide  can  be  written  in  the  following  form: 

Ey  =  E\osm{7cx/a)ex.p{-iPz) 

=  Eio{exp{inx/a)  -exp{-mx/a)}^p{-i/3z)/2i  (1) 

where  x  is  the  corrdinate  axis  of  height,  y  is  that  of  width,  z  is  that  of  propagation  direction,  a  is  the  width  of 
rectangular  waveguide  and  /?  is  propagation  constant  in  it  respectively.  Using  the  relationship  of  wave  number 
vector  (Fig.  2),  it  follows  that  7r/a  =  A:sin0,/?  =  kcos9. 

So  Ey  can  be  reduced  to: 


Ey  =  (-“V2)^io{exp(-2A:r')  -  exp{-ikr)} 


(2) 


where  x  ~  rsind^z  =  rcosO,—x  =  r' sin and  z  =  r^cosO.  Equation  (3)  shows  that  TEio  mode  is  the 
synthesis  of  two  plane  waves  which  advance  at  an  angle  of  from  z-axis.So  microwave  generated  by  magnetron 
is  propagated  through  the  rectangular  waveguide  with  TEio  mode, and  then  can  be  transformed  into  TEM 
mode  in  the  stripline  connected  with  the  rectangular  waveguide  diagonally.  [4]  The  width  of  stripline  becomes 
2a cos  The  part  of  connection  is  shown  in  Fig.3. 


k^—  7z  /aCTE  jy) 


2  sin  0 

1  v"" 

:  wave  number  al  cut  off  frequency  ''•- 


ji-ln  f  X  ^  (eigen  value) 

k  :  wave  number  at  free  area 

/?  :  propagation  constant  in 
rectangular  waveguide 


Fig.2  The  triangle  relationship  of  wave 
number  vector. 


Rectangular  waveguide 


Fig.3  Transformation  of  rectangular 
waveguid  into  stripline. 

3  EXPERIMENTAL  SET-UP 


The  basic  structure  in  this  study  is  shown  in  Fig.  4. 


Power  supply 


Fig.4  Experimental  Set-up 


We  used  a  magnetron  on  the  market  for  microwave  oven.  The  magnetron  works  with  a  pulse  repetition 
frequency  of  50  kHz.  A  directional  couppler  is  set  between  the  magnetron  and  a  discharge  tube,  we  can 
match  impedance  by  three  stab  tunner.  The  magnetron  generates  2.45  GHz  frequency(A  =  12.3cm).  The 
discharge  tube  consists  of  a  standard  quarz  pipe(25mm-bore.  1.5mm-thickness.).  Laser  gas  mixture  used  is 
He:  N2:  CO2  ^  81 :  15.6  :  3.4.  The  gas  is  circulated  by  a  root  blower, the  flow  rate  is  200m/s.  A  spherical 
mirror(99.5%  reflectivity)is  used  as  total  reflection  mirror,  a  plane  mirror(95%reflectivity)  is  used  as  partial 
transmission  mirror. The  length  of  resonator  is  0.735m. 


4  RESULTS  AND  DISCUSSION 

Table  I  shows  the  laser  output  power  dependent  on  the  angle  connected  stripline  and  rectangular  waveguide. 
So  we  thought  that  the  connected  angle  of  45®  was  the  best,  all  the  following  measurements  were  taken  at  the 


connected  angle  0 

width  of  stripline 

maximum  laser  output  power 

maximum  efficiency 

70° 

44mm 

34.0W(pressure  20Torr) 

6.7%(pressure  15Torr) 

40° 

143mm 

44.0W (pressure  lOTorr) 

8.0%(pressure  lOTorr) 

45° 

123mm 

46.  OW (pressure  20Torr) 

10.9%(pressure  20Torr) 

Table  1:  Laser  output  as  a  function  of  connected  angle 

angle  of  45®(the  width  of  stripline  is  123mm).  Fig.5  shows  the  laser  output  power  as  a  function  of  the  input 
microwave  power  with  123mm-'Width  stripline. 


Fig.5  Laser  output  power  as  a  function  of 
input  microwave  power  with  123mm- width  stripline. 


At  low  gas  pressure  discharge  existed  all  over  cross  section  of  discharge  tube.  But  discharge  became  narrow 
discharge  shape  like  letter  of  I  against  the  cross  section  exceeding  25torr.(Fig.6) 


(a) 


Fig.6  Sketch  of  discharge 

(a)  view  from  optical  axis. 

(b)  view  from  microwave  propagation  direction. 
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We  thought,  discharge  occurred  in  the  center  of  the  tube,  and  the  voltage  of  the  edges  fell  down,  so  the 
voltage  down  made  it  difficult  to  generate  discharge  all  over  the  cross  section.  Then  we  set  ceramic  electrodes 
to  generate  homogeneous  discharge  against  the  cross  section  at  higher  gas  pressure.  Ceramic  electrodes  are 
mounted  between  the  stripline.  This  set-up  is  shown  in  Fig.  7.  These  electrodes  are  designed  as  microwave 
dielectric  resonators[6].  The  electrodes  are  mane  of  (M^o.5Cao.5)Tz03.The  diameter  is  8.6mm,  the  height  is 
4.3mm  and  the  specific  dielectricity  is  26.8.  We  could  get  homogeneous  discharge  all  over  the  cross  section  at 
25torr.  But  the  length  of  discharge  didn’t  change.  Fig.8  shows  laser  output  power  as  a  function  of  the  input 
microwave  power  with  ceramic  electrodes.  We  find  that  the  efficiency  are  improved  at  2%  and  it  is  difficult  to 
saturate  laser  output  power  using  ceramic  electrodes. 


2 


Aluminium 


Fig.7  Arrangement  of  ceramic  electrode. 


Fig.8  Laser  output  power  as  a  function  of 

input  microwave  power  with  ceramic  elecrodes 


5  CONCLUSION 

The  steady  discharge  was  got  all  over  the  cross  section  perpendicular  to  optical  axis  with  123nini-width 
stripline  connected  rectangluar  waveguide  at  an  angle  of  45°  using  ceramic  electrodes,  the  length  of  discharge 
was  4cm.  Maximum  laser  output  power  is  56W(9.5%  efficiency).  Maximum  efficiency  is  12.6%(output  34.2W) 
at  25Torr. 
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ABSTRACT 

A  new  resonator  design  for  a  transverse  flow  high  power  CO2  laser  based  on  a  fast  tuneable 
Fabry-Perot  modulator  was  developed.  It  allows  a  very  effective  modulation  and  pulse  generation. 


1.  INTRODUCTION 

Many  applications  of  CO2  lasers  require  pulsed  radiation  or  a  well  defined  fast  modulation  of  the 
laser  light.  For  high  power  transverse  flow  CO2  lasers  it  is  complicated  to  modulate  their  radiation  in 
the  desired  manner. 

This  paper  reports  on  a  new  possibility  for  modulation  and  pulse  generation  of  this  laser  type  by  a 
new  optical  method. 


2.  PRINCIPLE  OF  OPERATION 

The  modified  resonator  design  of  the  used  5  kW  transverse  flow  CO2  laser  shows  fig.  1. 
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7 
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Fig.  1;  Resonator  design  of  the  transverse  flow  5  kW  CO2  laser 

1  -  Fabry  -  Perot  Modulator  2  -  grating  3  -  active  medium 

4  -  end  mirror  5  -  ZnSe  window  6  -  output  coupler 

7-  folding  mirrors  8-  power  meter 
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In  difference  to  the  normal  resonator  configuration  one  end  mirror  is  replaced  by  a  Fabry-Perot 
modulator  1  and  a  grating  2.  By  this  arrangement  it  is  possible  to  modulate  the  high  output  power  of 
the  laser  by  modulating  a  relatively  small  part  of  the  radiation. 

Grating  2  guarantees  the  laser  operation  on  the  desired  wavelength  necessary  for  the  correct 
function  of  the  modulator. 


The  well  known  working  principle  of  the  used  modulator  illustrates  fig.  2. 
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Fig.  2:  Working  principle  of  the  Fabry  -  Perot  modulator 

The  fast  tuning  of  the  distance  d  of  the  interferometer  plates  is  realized  by  piezoelectric  translators 
up  to  frequencies  of  11  kHz.  By  this  the  reflectivity  Rfpi  could  be  changed  between  R^in  =  0  and 
Rmax  ~  0.89. 

The  interval  <  Rmi„,Rmax>  includes  the  threshold  reflectivity  R,hr.  This  means  that  by  a  simple  tuning  of 
the  modulator  an  effective  modulation  and  pulse  generation  of  the  laser  is  possible. 


3.  EXPERIMENTAL  RESULTS 

The  effect  of  the  modulator  tuning  on  the  laser  output  is  illustrated  by  the  following  experimental 
results. 


Fig.  3:  Illustration  of  slow  modulator  tuning  (see  text) 
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In  fig.  3  the  output  power  Pl  of  the  laser  (upper  curve)  and  the  power  Pc  monitored  by  the  power 
meter  8  (lower  curve)  is  shown  in  dependence  on  d  slowly  variied  with  time.  It  is  to  be  seen  that  such 
a  tuning  of  the  modulator  allows  a  modulation  of  the  laser  output  power  over  the  full  range 
0  <  Pl  ^  Pumax,  i.e.  any  value  of  Pl  can  be  selected. 

A  fast  modulator  tuning  over  a  sufficient  wide  range  of  R  leads  to  pulse  generation.  Typical  pulses 
are  shown  in  fig.  4.  In  maximum  peak  powers  of  10  kW  could  be  reached. 
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Fig.  4;  Illustration  of  fast  modulator  tuning  -  generation  of  pulses 


4.  GENERATION  OF  NANOCRYSTALLINE  ZIRCONIA  -  POWDERS 
WITH  PULSED  RADIATION 

To  demonstrate  the  potential  of  this  method  pulses  with  variable  durations  were  used  to  produce 
nanocrystalline  zirconia  powders  by  evaporation  of  Zr02  with  the  radiation  of  the  described  transverse 
flow  CO2  laser. 

The  diameter  of  the  particles  and  their  density  distributions  (shown  in  fig.  5)  can  be  controlled  by  the 
pulse  length.  This  dependence  is  given  in  fig.  6. 
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Fig.  5:  REM  photographs  of  nanosized  zirconia  powders  and  their  density  distributions  for 
50  ps  pulses  (a)  and  450  ps  pulses  (b) 


Fig.  6:  Center  of  gravity  of  the  density  distribution  in  dependence  on  pulse  length  for  nanocrystalline 
zirconia  powders 
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ABSTRACT 

Spectroscopic  measurements  of  N2  molecular  bands  emitted  by  the  discharge  of  a  sealed  off  test  chamber  and  a  2  kW  CO2 
slab  laser  deliver  detailed  rotational  temperature  and  intensity  profiles  in  the  gap  between  the  electrodes  as  a  function  of 
different  discharge  parameters.  The  results  give  basic  information  on  the  behaviour  of  the  discharge  and  the  mam  plasma 
parameters  for  further  investigations. 

Keywords:  Spectroscopic  measurements,  N2  molecular  bands,  sealed  off  CO2  laser  ,  intensity  profiles,  rotational 
temperature  profiles,  discharge  parameters 


2.  INTRODUCTION 

A  well  known  problem  associated  with  the  CO2  laser  is  the  partial  dissociation  of  CO2  in  an  electrical  gas  discharge 
environment.  To  understand  the  basic  principles  of  this  lifetime  limiting  effect  and  to  regulate  it  for  an  optimized  operating 
lifetime  in  a  sealed  off  system,  it  is  necessary  to  have  a  good  knowledge  of  the  main  discharge  parameters,  discharge 
behaviour  and  plasma  chemistry  as  a  function  of  special  electrode  surface  layers  and  gas  composition.  In  this  work,  we 
report  our  spectroscopic  observations  of  N2  molecular  emission  UV  bands  and  Hel  lines  emitted  by  discharges  in  a  test 
chamber  with  up  to  300  W,  80  MHz  rf  input  power  and  a  CO2  slab  laser  with  up  to  2  kW  output  power.  These 
measurements  are  incorporated  in  our  plasma  physical  investigations  for  an  optimized  efficiency  of  the  sealed  off  transverse 
rf  excited  CO2  slab  lasers. 


3.  MEASUREMENTS 

The  v’  ->  v”  transition  0  0  of  the  second  positive  system  of  N2  (C^flu  -  B^IIg,  bandhead  at  337.13  nm)  is  observed  for 

several  gas  pressures,  gas  composition  and  input  power  variations.  The  optics,  consisting  of  quartz  lenses  and  a  diaphragm 
in  a  telecentrical  arrangement,  limit  the  aperture  so,  that  only  light  emitted  within  a  small  fixed  spatial  angle  along  a  line 
parallel  to  the  slab  walls  is  selected.  Thus  the  spectra  are  imaged  with  high  optical  depth  and  low  perspective  distortion 
onto  a  slit  of  an  1  m  monochromator  and  are  recorded  with  a  photomultiplier,  connected  to  a  digital  analyser  system.  The 
spectral  resolution  was  estimated  to  be  0.01  nm.  To  achieve  a  good  spatial  resolution,  the  aperture  is  nearly  closed  and  the 
spectra  are  recorded  at  up  to  40  equidistant  measuring  points  across  the  gap  width  by  moving  the  last  lens  with  a 
micrometer  screw  in  a  direction  orthogonal  to  the  monochromator. 

For  the  test  chamber,  the  observations  are  made  from  the  small  front  side  through  the  whole  gap.  The  dimensions  of  the 
watercooled  copper  electrodes  are  10  cm  by  1  cm.  The  gap  has  a  width  of  2  mm. 

For  the  2  kW  slab  laser,  measurements  are  performed  side  on  at  two  positions  along  the  slab,  one  in  the  centre  and  one  at 
the  edge  of  the  electrode  configuration. 

4.  DETERMINATION  OF  THE  ROTATIONAL  GAS  TEMPERATURE  FROM  THE 

EMISSION  BANDS  OF  N2 

The  population  of  the  upper  rotational  levels  results  primarily  by  collisions  of  the  heavy  particles.  The  contribution  of 
electron  impact  on  the  other  hand  is  negligible  because  of  the  different  masses.  So,  with  the  assumption  that  the  population 
structure  of  the  rotational  levels  is  preserved  under  excitation  of  the  molecule  by  electron  impact,  the  rotational  temperature 
TRot  of  an  emission  band  is  the  same  as  the  gas  temperature  Tg^g. 
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The  population  of  the  rotational  levels  with  the  quantum  number  J  and  the  term  energy  F(J)  of  one  vibrational  transition 
corresponds  to  a  Boltzman  distribution 


dn/n  ~  (2J+1)  exp  (-F(j)hc/kTRot)  (1) 

and  can  be  determined  by  measuring  the  intensity  distribution.  By  comparing  the  intensity  distribution  of  the  measured 
rotational  lines  with  a  calculated  spectrum  of  the  same  transition,  it  is  possible  to  determine  the  rotational  temperature  of 
the  gas. 

The  reliability  of  this  comparison  increases  with  growing  rotational  numbers  J,  therefore  it  is  an  advantage  to  take  a 
vibrational  band  with  a  high  intensity  and  no  disturbance  by  other  bands  to  get  clear  intensities  from  the  higher  J  levels. 
For  the  calculation  of  the  spectra  it  is  necessary  to  have  a  good  knowledge  of  the  molecular  constants  and  line  strength 
factors.  Therefore  the  well  known  2nd  positive  system  of  N2  is  chosen.  It  is  a  transition  and  so  the  spin  splitting 

has  to  be  taken  into  consideration  for  the  simulation  of  the  spectrum. 

5.  ROTATIONAL  TEMPERATURE  PROFILES 

With  the  above  mentioned  procedure,  we  simulate  the  measured  spectra  numerically  with  a  computer  program  of 
Behringer'.  By  critical  comparison  of  the  calculated  spectrum  with  the  measured  one,  temperatine  profiles  across  the 
discharge  gaps  are  determined.  The  absolute  uncertainty  of  the  results  is  estimated  to  be  50  K  and  the  relative  error 
between  the  measuring  points  is  estimated  to  be  10  K. 

For  the  2  kW  slab  laser,  temperatures  are  determined  for  the  centre  and  edge  position  of  the  electrode  region.  In  the  centre 
region,  the  temperature  is  340  K  in  the  middle  of  the  slab  and  325  K  nearby  the  watercooled  electrodes,  having  a  constant 
temperature  of  293  K.  At  the  edge  of  the  electrodes  we  determined  370  K  in  the  middle  of  the  slab  and  290  K  nearby  the 
electrodes. 

For  the  small  test  chamber,  temperatures  at  the  centre  of  the  slab  are  between  340  K  to  540  K  and  near  the  watercooled 
electrodes  between  300  K  to  370  K.  These  measurements  are  carried  out  for  different  gas  pressures,  gas  compositions  and  rf 
power  inputs. 


6.  INTENSITY  PROFILES 

For  varied  gas  pressures,  gas  compositions  and  rf  power  inputs  we  observe  different  shapes  of  the  intensity  profiles  across 
the  gap,  measured  at  the  337.13  mn  bandhead  of  N2  in  gas  mixture  discharges  and  for  the  pure  He  discharges  at  the  388.86 
line  of  Hel.  An  explanation  for  this  effect  may  be  the  inhomogeneity  of  the  electron  energy  distribution  across  the  gap. 
Nearby  the  electrodes,  the  energy  may  be  too  high  for  a  strong  excitation  of  N2,  whereas  it  seems  to  be  more  appropriate  for 
the  excitation  of  He. 


7.  RESULTS 

Fig.  1  shows  the  resulting  temperature  profiles  for  the  slab  laser,  measured  in  laser  operation  with  an  output  power  of  1 
kW  for  the  centre  and  edge  region  of  the  electrodes.  Fig.  2  to  Fig.  4  show  the  resulting  temperature  profiles  in  turn  in 
dependence  on  different  discharge  parameters  for  the  small  test  chamber.  In  these  figures  the  position  of  the  electrodes  is 
estimated  at  the  end  of  the  fitted  curves.  Fig.  5  to  Fig.  8  show  the  resulting  intensity  profiles,  measured  in  the  small  test 
chamber  in  dependence  on  different  discharge  parameters.  Here  the  position  of  the  electrodes  is  estimated  to  correspond  to 
the  lens  positions  1.05*10''  and  1.22*10''  pm  (see  description  above). 
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Fig.  1:  Gas  temperature  profile,  slab  CO2  laser, 
in  operation  at  1  kW  output  power, 
p  =  155  mbar,  special  gas  mixture 


Fig.  3:  Gas  temperature  profile,  small  test 
chamber,  variation  of  rf  input  power,  p  =  100 
mbar,  CO2 :  N2 :  He  (1 :  1 :  3) 
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Fig.  2;  Gas  temperature  profile,  small  test 
chamber,  variation  of  pressure,  rf  input  power 
240  W 
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Fig.  4:  Gas  temperature  profile,  small  test 
chamber,  variation  of  pressure,  rf  input  power 
240  W,  CO2 :  N2 :  He  (1  :  1 :  3) 
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Fig.  5:  Intensity  profile,  small  test  chamber, 
variation  of  rf  input  power,  p  =  100  mbar, 
CO2 1  N2 1  He  (1:1:3) 


Fig.  7:  Intensity  profile,  small  test  chamber, 
pure  Helium,  p  =  60  mbar,  rf  input  power 
40  W,  wavelength  =  388.86  nm 
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Fig.  6:  Intensity  profile,  small  test  chamt 
variation  of  rf  input  power,  p  =  100  mbar 
CO2 :  N2 :  He  (1  :  1  :  10) 


Fig.  8:  Intensity  profile,  small  test  chamber, 
pure  N2,  p  =  20  mbar,  if  input  power  40  W, 
wavelength  =  337. 13  nm 
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Measurement  of  the  impedance  of  rf  excited  CO2  slab  lasers  and  discharge  chambers 
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ABSTRACT 

Two  independent  methods  are  applied  to  measure  the  impedances  of  an  rf  excited  CO2  slab  laser  and  of  a  discharge  test 
chamber.  The  rf  feedthroughs  are  chosen  as  reference  ports  for  the  measurements.  One  method  using  an  adjusted  matching 
network  and  a  network  analyser  is  compared  with  another  method  measuring  two  signals  representing  current  and  voltage 
with  a  digital  oscilloscope  and  processing  them  using  a  computer. 


Keywords:  rf  excited  CO2  slab  lasers,  impedance  of  a  discharge,  matching  network  for  gas  discharges,  measurement  of 
discharge  impedance 


1.  INTRODUCTION 

Matching  design  requires  knowledge  of  the  discharge  impedance  and  its  dependence  on  the  input  rf  power,  gas  pressure  and 
operation  modes.  Hence  measurements  of  the  discharge  impedance  are  important  to  achieve  a  model  for  the  slab  laser  and  to 
calculate  the  plasma  impedance. 

2.  MEASURING  WITH  A  NETWORK  ANALISER  (INDIRECT  METHOD) 

The  laser  is  connected  with  a  matching  network  to  minimize  the  reflected  power  to  the  generator.  Fig  1.  Between  the  rf 
generator  and  the  matching  network  a  bi-directional  coupler  is  connected  to  control  the  reflected  power.  This  matching 
network  is  built  up  with  adjustable  components  and  with  low  electrical  losses. 

The  matching  network  is  removed  from  the  system  when  the  matching  procedure  has  been  completed.  At  the  input  port  of 
the  network  a  resistance  of  50  ^2  is  connected  and  at  the  output  port  the  impedance  is  measured  using  a  network 

analyser.  The  impedance  Z^jg^harge  rf  feedthrough  is  the  conjugate  complex  impedance  of  the  matching  network  at 
the  output  port: 

^discharge  ^  ^meas* 

3.  MEASURING  WITH  A  DIGITAL  OSCILLOSCOPE  (DIRECT  METHOD) 

The  arrangement  is  the  same  as  for  the  network  analyser  method,  but  two  special  probes  are  inserted  in  the  matching 
network.  Fig  2.  With  these  probes  two  signals  representing  current  and  voltage  are  recorded  using  a  two  channel  digital 
oscilloscope.  For  calibration  three  calibration  standards  (shortcut,  open,  50  Q  )  are  connected  in  succession,  instead  of  the 
discharge,  to  get  two  probe  signals  for  each  element.  With  these  signals  a  matrix  of  the  system  is  calculated  by  the 
computer.  After  this  calibration  process  the  discharge  is  connected  and  the  two  signals  are  recorded.  These  two  signals  are 
calculated  with  the  matrix  of  the  system  to  give  the  impedance  of  the  discharge.’ 

4.  CONCLUSIONS 

With  both  methods  measurements  of  the  impedances  of  the  discharge  chamber  were  made  at  the  rf  feedthrough  as  reference 
port.  The  comparison  shows  that  the  resistive  components  of  the  discharge  impedances  have  comparable  absolute  values  and 
that  the  reactive  components  show  similar  dependences  on  input  power.  Fig.  3,  Fig.  4,  Fig.  5,  Fig.6.  The  measurements  on 
the  CO2  slab  laser  show  dependences  of  resistive  and  reactive  components  on  input  power,  Fig.7,  Fig.  8. 
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5.  FUTURE  WORK 

For  the  direct  method  a  new  calibration  procedure  is  used  to  achieve  a  better  precision.  Then  measurements  for  higher  input 
powers  and  pulsed  mode  are  performed. 

Both  methods  are  used  to  get  knowledge  about  the  plasma  impedance. 
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Fig  1 :  impedance  measurement  by  indirect  method 


Fig  2  .'impedance  measurement  by  direct  method 
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Fig.3  and  Fig.4:  inpedance  of  the  discharge  chamber  using  indirect  method 
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Fig.  5  and  Fig.6;  inpedance  of  the  discharge  chamber  using  direct  method 
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Fig,7  and  Fig.  8:  inpedance  of  the  slab  laser  using  indirect  method 
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ABSTRACT 

A  new  concept  for  a  master  oscillator  power  amplifier  (MOPA)  system  that  is  based  on  phase  conjugation  by  four- 
wave  mixing  is  presented.  The  system  has  a  rigorous  rotational  symmetry  with  respect  to  amplification  and  phase  conjugation 
allowing  for  a  compact  design.  Numerical  resonator  calculations  on  the  basis  of  the  Fresnel-Kirchhoff  technique  were  used 
to  support  the  layout. 


1.  INTRODUCTION 


Phase  distortions  like  shock  waves  and  lens  effects  in  the  laser  medium,  and  convection  effects  are  a  concomitant 
of  gas  lasers  with  high  pulse  energy  and/or  high  average  power.  These  effects  are  usually  of  a  dynamical  nature,  appearing 
on  short  timescales  down  to  the  microsecond  range.  Phase  conjugate  mirrors  based  e.g.  on  four-wave  mixing  [1]  can  cancel 
these  aberrations  due  to  their  high  temporal  and  spatial  bandwidth.  The  proposed  system  is  applicable  especially  to  pulsed 
molecular  gas  lasers  with  high  gain  operating  in  the  middle  infrared. 

2.  SYSTEM  DESCRIPTION 

The  system  is  depicted  in  Fig.  1.  It  consists  of  a  master  oscillator,  set  up  by  the  resonator  mirrors  7  and  11,  having 
a  high  and  low  transmission,  respectively.  The  master  oscillator  is  operating  in  a  fundamental  spatial  mode  (TEM^jq  cavity) 
with  a  high  degree  of  spatial  coherence.  A  polarizing  element  10  is  placed  into  the  cavity  to  ensure  a  polarized  output.  The 
discharge  volume  is  sealed  with  two  AR  coated  windows  8.  The  pump  beam,  coupled  out  via  mirror  7,  is  passing  the 
polarizing  beam  splitter  6  and  focusing  lens  5.  The  focusing  lens  5  has  a  hole  in  the  center,  allowing  for  a  diffraction  free 
propagation  of  the  pump  beam  to  the  4WM  cell  3.  The  cell  windows  2,4  are  AR  coated  at  the  laser  wavelength.  Additionaly, 
window  2  has  a  X/4  coating,  which  will  rotate  the  polarization  of  the  pump  beam  by  90®  after  retroreflection  from  HR 
mirror  1 .  This  mirror  is  providing  the  counterpropagating  pump  beam.  The  curvature  of  its  surface  should  coincide  with  the 
curvature  of  the  wave-front  of  the  pump  beam.  The  backcoupling  of  radiation  into  the  master  oscillator  is  prevented  by  the 
polarizing  beam  splitter  6.  The  signal  beam,  coupled  out  via  mirror  11,  is  transmitted  through  a  polarizing  beam  splitter  12 
and  aimed  at  a  waxicon  13.  This  waxicon  reflects  the  signal  radiation  back  into  the  (amplifying)  discharge  volume  in  the  form 
of  a  ring,  which  is  concentric  to  the  optical  axis  of  the  system.  The  signal  radiation  is  amplified  in  the  discharge  volume  9 
and  slightly  focused  into  the  4WM  cell  3  with  lens  5.  The  phase  conjugate  signal  beam  is  orthogonally  polarized  with  respect 
to  the  signal  beam  [2].  It  retraverses  the  path  of  the  signal  beam,  i.e.  it  is  amplified,  reflected  off  the  waxicon  13  and  coupled 
out  at  the  beam  splitter  12. 
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Fig.l  Setup  of  the  MOPA  system. 


3.  DISCUSSION 


Preliminary  results  of  Fresnel-Kirchhoff  calculations  are  used  to  support  the  layout  of  the  MOPA  system.  Fig.  2 
shows  the  intensity  distribution  of  the  intracavity  master  oscillator  radiation,  the  amplified  phase-conjugate  signal  and  the 
signal  beam  in  the  plane  defined  by  the  optical  element  8  (Fig.  1).  A  phase  conjugate  power  reflectivity  of  50  % ,  and  a  small 
signal  gain  of  1.5  %/cm  with  a  gain  length  of  1.2  m  were  assumed  for  the  calculation  of  the  phase  conjugate  signal  beam. 


Fig.  2  Intensity  distribution  of  fundamental  mode  of  master  oscillator,  signal  beam  and  phase  conjugate  signal 
beam. 

The  resonator  data  used  in  the  numerical  calculation  are  identical  to  resonator  data  of  Ref.  [3],  where  an 
experimental  characterization  of  such  a  master  oscillator  was  made.  The  power  loss  of  the  signal  beam  during  propagation 
through  the  optical  elements  c  be  kept  at  a  low  level  which  is  essential  for  high-quality  phase  conjugation.  The  diffractive 
losses  which  accumulated  during  propagation  of  the  signal  beam  without  gain  were  calculated  to  be  on  the  order  of  1  % . 
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Optical  nonuniformities  of  active  medium  of  high-power 
fast-axial-flow  industrial  CO2  lasers. 
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ABSTRACT 

It  was  shown  theoretically  and  by  experiment  that  a  thermal  defocusing  gaseous  lens  fomied  in  industrial  fast- 
axial-flow  CO2  lasers  may  affect  the  diffraction  losses  of  the  generator  and  the  beam  parameters. 

Keywords:  CO2  laser,  fast-axial  flow,  nonlinear  optical  nonunifomiities 

1.  THE  GOAL  OF  THE  TNVESTIGATTONS 


Optical  nonunifo  *  -sties  of  the  active  medium  are  affect  the  laser  beam  spatial  characteristics,  tliis  problem  is 
given  much  attention. lae  paper  performs  the  theoretical  analysis  of  laser  medium  optical  quality  and  shows  its 
interrelation  with  main  parameters  of  a  liigh-power  fast-axial  flow  (FAF)  CO2  lasers.  The  primary  emphasis  of 
consideration  of  wave  front  aberrations  in  the  active  medium  is  placed  on  variations  in  refraction  index  An(r) ,  averaged 
over  tlie  longitudinal  co-ordinate  (Z  axis).  The  emergence  of  refraction  index  radial  iionunifoimity  in  FAF  lasers  is 
related  to  the  radial  inconstancy  of  gas  flow  velocity.  In  tliis  case,  the  regular  large-scale  optical  lens  emerges  owing  to 
radial  symmetry  of  heat  release  and  gas  flow  velocity. 

2.  GOVERNING  EQUATIONS 

To  calculate  the  radial  optical  nonunifomiities,  it  is  required  to  detemiine  variation  along  the  tube  radius  of  the 
temperature  7,  described  by  heat-balance  equation: 


X 


-U'f] 


Qo(r)  +  QA'-). 


(1) 


here  Cp,  p  are  specific  heat  capacity  and  density  of  the  gas  ,  u  is  gas  flow  velocity,  %  is  thermal  diffusivity,  z  is  the  co¬ 
ordinate  along  the  flow,  0<z</,,  where  /;  is  the  distance  from  the  begiiming  of  discharge  region  to  the  tube  end  (discharge 
lengtli  Qo(r)  is  the  function  describing  heat  release  in  the  discharge  (0<z<ld).  For  function  Qo  and  Q]  we  have  the 

expressions: 


2o=Pi/£';  2v=^7A^[/iV2(c2  -Cpj.)/!,  +Kj,(©3  -  2©2)c3  /Xp],  (2) 

where  Pi  is  the  discharge  energy  portion  going  into  direct  heating  of  gas,  k,,  is  the  Boltzmami  constant,  ej,  &j  are  the 
average  amount  of  vibrational  quantum  and  characteristic  temperature  of  j  -  mode:  j=2,  COziOlO),  j=3,  C02(001),  hv2  is 
the  energy  of  vibrational  quantum  CO2(010),  W=jE  is  the  energy  input  into  the  discharge,  W/cm^,  5j  are  molecular 
portions  of  mixture  components  CO2,  N2  and  He. 

Functions  ej  are  described  by  the  linearized  equations  of  kinetics^: 
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where  D  is  the  coefficient  of  diffusion  of  vibration-excited  molecules,  1112,  ^134  are  the  portions  of  power  going  into 
excitation  of  vibrational  modes  of  N2  ,  C02( 100+0 10),  A£2=2kb©2,  A£‘i=kb©3»  ^32*  ^20  are  kinetic 

constancy  of  vibrational  energy  interchange  between  modes  land  2  and  velocity  of  VT-  relaxation  of  combined  mode 
vibrational  energy,  N  -is  gas  particles  density,  /tvois  quantum  energy  of  laser  radiation,  a  is  gain  index,  J  is  radiation 
intensity,  and: 


O.Z  e[U,]  ’ 


T  '  e 


ej=rj/(exp(@j/Nj)-l),  H(b,0)  is  the  Voigt  function  for  the  line  centrum;  Ava  is  Doppler  line  width,  Q  is  the  statistic  sum 
of  CO2  molecule  vibrational  modes  .  The  relations  pu-pcMo,  Dp=const  are  also  fnlfilled. 

For  calculation  of  the  gaseous  lens  power  near  the  resonator  axis  we  use  tire  decomposition  of  functions 
Q(r)^o+0-5Q"r^,  JsJo  -  (w  is  the  beam  radius  whereon  the  field  amplitude  is  reduced  by  the  factor  of  e). 


63  =€3(0) +  63  — .  where  Q"  = 


..  _ 


— Q  -  Let  conside  tlie  values  of  e3,Q^  and  T  functions 


being  averaged  by  tlie  gas  discharge  tube  length.  Allowing  for  the  liigh  velocity  of  COafOlO)  mode  relaxation 
eiSe^.  After  substitution  into  (1-5)  let  find  the  coefficients  in  view  of  tlie  boundary  conditions  Cjf0)=0, 


e3{0)^-, 
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Jo  is  the  summary  intensity  of  two  on  coming  waves  in  the  stable  resonator  (assumed  to  constant  along  Z).  The  equation 
for  temperature  T  being  averaged  by  the  tube  length  follows  from  (1) 


c,f(r,~r,)/,,-l|[rf]  .Q.irA.QAO. 


where  Tijr)  is  tlie  temperature  in  tlie  output  plane  of  gas-discharge  tube  (z=/,).  For  deteimination  of  Tk(r)  function, 
allowing  for  rather  monotonous  growth  of  T(z,r)  along  z.  Tlius,  tlie  following  dependences  were  obtained 

+  m  =  — ^fGo(0)/,+ 0,(0)/,] +  70+ where  (9) 
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The  spatial  nonuniformity  of  temperature  causes  a  variation  in  the  refraction  index  in  conformity  witli  the  well  known 
formula:  An(r)  =  Ap(r)  =  -K^p  *  where  Kg  is  Gladstone-Dale  coefficient,  AT  =  T  =  T(0) .  With 

expression  (6-7,9)  tlie  optical  power  of  theimal  gaseous  lens"^  is  found: 


1  T'' 

J  =  2/I2/,  ,where  112  =  K^p— 
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3.  RESULTS 


As  follows  from  the  obtained  solutions,  the  optical  power  of  thermal  lens  is  deteimined  by  radiation  intensuy  due 
to  thermal  self-action  in  the  active  medium  of  CO2  laser.  The  resuts  of  tlie  investigations  represented  on  the  Fig.J-3.  In 
calculations,  the  parameters  of  the  fast-axial-flow  TLA-600  CO2  laser  were  used;  the  laser  has  8  gas-dischargi;  tubes 
located  sequentially  along  the  beam  patli  in  the  4-pass  resonator  of  5.25  m  length;  the  dimensions  of  tubes  are  given  in 
[7].The  thennal  defocusing  lens  in  the  active  medium  of  the  cw  fast-axial-flow  CO2  laser  is  produced  near  the  optical 
axis  mainly  caused  by  radial  nonuniformity  of  self  -  sustained  dc  discharge  in  gas-discharge  tubes  of  limited  cross- 
section;  for  die  typical  parameters  of  industrial  FAF  lasers,  the  focus  of  tliis  lens  can  be  about  50  m  per  1  m  jf  the 
amplifying  medium.  Thennal  lens  is  nonlinear  in  itself  owing  to  heat  release  dependence  on  radiation  intensity  *n  the 
amplifying  medium.  The  degree  of  tliis  nonlinearity  is  governed  by  the  amplifying  medium  saturation  and  by  gaassian 
beam  cross-section. 

In  tlie  srable  resonator  the  defocusing  lenses  bring  about  broadening  of  the  gaussian  beam  and  variation  in  the 
output  beam  wave  front  curvature.  The  additional  wave  front  curvature  produced  in  tliis  way  can  be  collected  liy  the 
external  focusing  device.  The  emergence  of  the  scattering  lens  inside  the  resonator  with  the  fixed  Fresnel  leads  ,0  tlie 
increase  of  the  volume  occupied  by  the  radiation  mode  and  to  the  respective  growth  of  diffraction  losses  for  tins  node. 
Calculating  these  losses  it  has  been  assumed  that  an  optically  tliin  defocusing  thennal  gaseous  lens  is  located  at  the 
centre  of  each  gas-discharge  tube;  the  optical  power  of  tliis  lens  is  detennined  by  foiniula  (10).  The  method  descii  led  in 
[5]  was  used  to  calculate  the  equivalent  parameters  of  the  stable  resonator  having  tlie  specified  sequence  of  lenses  a  id  the 
typical  radius  of  gaussian  beam,  Tlien  the  diffraction  losses  were  found  from  the  curves  given  in  [6]. 

Fig.4  illustrates  the  results  of  calculation  of  diffraction  losses  as  a  function  on  energy  input  into  the  dischai  ge  for 
TEMoo  mode  (the  case  is  considered  when  both  the  output  and  end  mirrors  have  the  radius  of  iiuier  surface  ciirval  ire  30 
ni,  and  the  radius  of  diapliragm  is  8.5  mm). 

The  results  of  measurements’  are  also  presented  in  Fig.4.  It  was  assumed  that  the  part  of  total  radiation  losses 
occurred  at  6  internal  minors  and  amounted  for  nearly  9%.  In  these  experiments  the  substitution  of  the  flat  minor  (or  the 
one  having  the  surface  curvature  radius  16  ni  pennitted  to  improve  the  electro-optical  efficiency  from  14%  to  18'if .  Tliis 
result  is  explained  by  the  influence  of  the  thennal  scattering  gaseous  lens  upon  the  diffraction  losses,  that  is  siippoi  ed  by 
the  calculations  above. 


4.  ACKNOWLEDGMENTS 

The  authors  express  their  thanks  for  the  Russian  Foundation  of  Basic  Research  (grant  N96-02-17784)  I  ji  the 
partial  support  of  tliis  research. 

5.  REFERF.NCF.S 

1.  M.Moissl,  R.  Paul,  K.  Breining  at  el.  SP/E,  1397,  395,  1990. 

2.  M.G.Gahislikin,  V.S.Golubev,  V.V.Dembovetsky,  Yu.N.Zavalov,  V.Ye.Zavalova  Quant.  Electronics,  26(8),  19‘»  i. 

3.  M.G.Gahislikin,  V.S.Golubev,  V.V.Dembovetsky,  Yu.N.Zavalov,  V.Ye.Zavalova  Quant.  Electronics,  26(6),  199  ). 

4.  W.J.Witteman.  The  CO 2  Laser  (Berlin:  Springer,  1988). 

5.  Ernst  G.J.,  Witteman  W.J.  IEEE  J.  of  Quant.  Electr.  ,  QE-9,  911  (1973). 

6.  Li  T.,  Bell  System  Tech.  J.,  44,  917,  (1965). 

7.  V.V.Dembovetsky,  Yii.N.  Zavalov  In:  R.Kossowsky  et.al.feds.),  Proc.  of  NATO  ASI  “High  Power  Lasers-  Scimce 
and  Engineering”,  'ill,  603-618  (Kluwer  Academic  Publ.,  1996). 


254 


7,  W/cm^ 

0  400  800 


}/Fi,  m 


J,  W/cm^ 


1/Fi,  m 


Fig.  1. Calculated  dependence  of  thermal  lens  focus  on 
intensity  inside  the  resonator  with(vv//?)^=0.5  (specific 
energy  input  is  varied). 
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Fig.3.  Calculated  dependence  of  themial  lens  focus 
on  specific  energy  input  in  the  discharge  for 
different  values  of  beam  parameter(w/i?)^. 


Fig.2.  Calculated  dependences  of  thermal  lens  focus  on 
beam  intensity  with  energy  input  12  W/cm^  (beam 
parameter  (w/R)^  is  varied). 
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Fig.4.  Dependence  of  diffraction  losses  TEMoo  mode  on 
specific  input.  For  the  case  when  the  radius  of  the  output 
minor  Ri=30  m  and  the  radius  of  the  flat  minor  R2=30  m: 
the  calculated  results  are  shown  by  the  solid  line;  the  symbols 
are  for  the  experimental  results.  The  results  of  calculations 
for  Ri=30  m  and  R2=16  m  are  presented  by  the  dashed  line. 
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ABSTRACT 


A  transverse  radio  frequency  discharge  excited,  CO2  slab  laser  has  been  operated  cw  with  a  hybrid 
waveguide  and  unstable  resonator  to  produce  an  output  power  of  54  W  from  the  active  volume  of 
280  X  40  X  2.5  mm^.  An  impedance  matching  network  consists  of  coaxial  cable  lines  and  has  not 
discrete  L,  C  reactive  elements. 

Keywords:  CO2  slab  laser,  transverse  radio  frequency  discharge,  hybrid  waveguide  and  unstable 
resonator,  impedance  matching  network,  output  power. 

1.  INTRODUCTION 


The  efiBcient  extraction  of  high  power  outputs  from  carbon  dioxide  sealed-off  compact  lasers 
has  been  realised  by  exploiting  the  area-scaling  concept  in  slab  waveguide  geometries  with  transverse 
radio  frequency  discharge  excitedL  Such  type  of  discharge  structure  together  with  an  unstable- 
waveguide  resonator  with  a  radiation  spreaded  in  a  free  space  as  well  as  in 
a  waveguide  with  the  radiation  output  beyond  the  bounds  of  one  of  the  mirrors  permits  to  obtain  high 
laser  power  at  a  fundamental  hybrid  mode  which  is  a  combination  of  the  lowest  mode  of  the  planar 
waveguide  and  the  lowest  mode  of  the  small-bore  unstable  resonator. 

For  constructional  simplicity  and  to  obtain  effective  generation  from  slab  laser,  it  is  clearly 
desirable  that  large  area  of  discharge  be  achieved  with  a  single  pair  of  directly  water  cooled,  metallic 
electrode^,  what  leads  requirement  to  uniformly  input  rf  power  to  discharge  electrode  structure.  In 
this  paper  we  indicate  description  of  a  rf  power  transfer  system  capable  of  delivering  of  600  W 
uniformly  to  single  piece  metal  electrodes  of  50  W  cw  CO2  slab  laser  via  a  single  50  Q  cable  feed,  in  a 
manner  which  provides  electric  discharge  conditions  which  optimize  laser  excitation  efficiency. 

2.  LASER  CONSTRUCTION 


Waveguide  is  provided  by  the  two  planar  electrodes  with  drilled  water  cooling  channels,  giving 
an  active  area  of 40  x  280  mm^.  The  electrodes  are  separated  by  2.5  mm  and  provide  in  the  transverse 
dimension  single  order  mode  operation  which  approximates  closely  to  a  gaussian  profile  in  the  far 
field.  In  the  lateral  dimension  a  positive  branch  confocal  unstable  resonator  have  been  employed. 
The  cavity  uses  two  copper  mirrors  separated  by  310  mm,  with  5.0  m  concave  and  4.38  m  convex 
radius  of  curvature,  respectively,  and  the  convex  mirror  is  offset  to  produce  a  5  mm  coupling  port. 
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The  cavity  is  adjustable  by  means  of  mechanical  mirror  adjusters,  and  also  by  piezoelectric  actuator 
(for  concave  mirror). 

Laser  has  a  sealed-ofif  metal-ceramic  construction  in  which  a  cylindrical  housing  made  of 
Al-oxide  ceramics  is  a  base  of  optical  resonator  and  a  gas  medium  bore  simultaneously.  All  the  metal- 
metal  and  ceramic-metal  joints  are  soldered  or  welded.  The  laser  output  is  taken  through  an  GaAs 
window  in  the  vacuum  envelope.  The  whole  laser  vessel  is  backfilled  to  the  desired  gas  pressure  with 
a  3:1:1  mixture  of  He,  N2,  and  CO2,  to  which  is  added  5  %  xenon.  The  laser  includes  stabilisers  of  the 
gas  composition^,  which  ensures  efficient  conversion  of  CO  back  to  CO2,  so  that  the  concentration  of 
CO2  remains  constant  during  prolonged  operation  of  the  laser. 

A  rf  generator,  capable  of  a  maximum  power  of  600  W  at  a  frequency  of  81.36  MHz,  is 
connected  to  the  laser  head  by  a  single  50  Q  coaxial  cable  via  an  impedance  matching  network, 
a  schematic  of  which  is  shown  in  Fig.  1.  This  matching  network  consists  of  50  Q  coaxial  cable  lines 
and  has  not  discrete  L  and  C  reactive  elements.  The  rf  input  energy  is  delivered  through  the  end  parts 
of  the  electrodes,  the  homogeneity  of  the  rf  voltage  distribution  along  the  channel  is  improved  by 
connecting  inductance  coil  to  electrode  middle,  parallel  to  the  discharge  gap.  This  coil  reduces  the 
difference  between  the  potential  drop  between  the  electrodes  at  the  middle  of  the  discharge  channel 
and  the  voltage  at  the  points  where  the  energy  is  delivered. 


3.  LASER  CHARACTERISTICS 

In  order  to  evaluate  energy  features  of  laser  in  various  gas  pressures  the  radiation  power  versus 
applied  rf  power  characteristics  are  researched.  Shown  in  Fig.  2  are  these  dependencies.  In  order  to 
measure  rf  power  applied  to  a  discharge  bore  a  thermal  calorimetric  technique  has  been  used.  When 
researching  the  laser  characteristics  an  autotransformer  impedance  matching  network  was  used  which 
it  is  possible  to  get  a  minimum  of  a  reflected  wave  in  a  system  "rf  generator  -  laser  head"  at  any 
meaning  of  rf  applied  power  and  with  each  of  the  gas  filling.  The  results  of  researching  show  that 
impedance  of  discharge  structure  consists  12.5  Q  for  applied  rf  power  600  W  and  gas  pressure 
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which  is  shown  in  Fig.  1 .  As  this  matching  network  has  broad  stripe  of  signal  passing  and  the  quality 
factor  (Q-factor)  of  the  parallel  resonance  is  reduced  to  a  low  value,  perhaps  not  far  from  unity^, 
the  work  of  this  laser  on  different  frequencies  rf  excitation  of  discharge  is  possible.  In  order  to 
evaluate  the  frequency  dependencies  of  matching  network  for  different  impedance  are  researched. 
Shown  in  Figs.  3(a)  and  3(b)  are  these  dependencies.  One  can  see  there  are  some  impedance  meanings 
when  the  standing  wave  coefficient  of  matching  network  is  less  than  1.5. 

The  matching  network  has  executed  for  work  on  the  frequency  of  f  =  81.36  MHz  for  easy  laser 
construction.  However  it  is  possible  that  50  O  cable  lines  can  be  located  on  ferrite  rings^  when 
the  broad  stripe  of  signal  passing  will  increase  (for  low  meanings  of  the  frequency  f). 

It  is  note  that  discharge  structure  capacitance  neutralization  is  unnecessary.  Capacitance 
between  electrodes  C  <  100  pF  because  there  are  not  ceramic  plates-calibres  in  the  discharge 
structure  (for  example,  these  plates  are  in^>  ‘^)  and  the  electrode  separation  is  constant  as 
the  elactrodes  are  hardly  fixed  on  external  ceramic  cylinder.  In  this  case  displacement  current  is  very 
smaller  than  general  current  across  the  laser. 

Moreover  the  matching  network  schematic  and  the  laser  head  construction  provide  a  symmetrical  rf 
discharge.  Unfortunately  in  practice  almost  all  systems^>^  are  asymmetrical.  When  one  electrode  of 
our  device  was  earthing  then  electromagnetic  interferences  were  observed  in  electronic  devices  in 
the  vicinity  of  the  laser  head  which  is  a  severe  problem  in  the  case  of  an  unsymmetric  schematic. 
The  interferences  were  observed  on  harmonics  of  the  frequency  f  =  81.36  MHz,  what  confirm  non¬ 
linear  discharge  current  for  unsymmetric  system^.  These  effects  were  absent  when  both  electrodes 
were  equal  to  earthed  metal  chamber. 


Fig.  2.  Output  power  as  a  function  of  input  power 

4.  CONCLUSION 

There  has  been  shown  that  a  50  W  slab  waveguide  CO2  laser  may  be  operated  with  a  single, 
continuous  rf  discharge  from  a  single  rf  feed  cable.  The  beam  quality  produced  by  the  unstable 


258 


40  90 

Frequency,  MHz 
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Fig.  3  (a).  Measured  standing 
wave  coefficient  of  matching 


Frequency,  MHz 

Fig.  3  (a).  Measured  reactive 
resistance  of  matching  network 


1  -  Rgctiye— 20  n,  L3  -  no;  2  -  16.6  Q,  L3  -  no;  3  -  Ractive  ^3  " 

4  -  Ractive=12.5  Q,  L3=70  nH;  5  -  Ractive=12.5  Q,  L3=50  nH;  6  -  Ractiye=12.5  Q,  L3=30  nH 

resonator  is  good  and  analogous  with  results  in^.  The  maximum  power  output  in  Fig.  3  is  limited  by 
the  generator  size;  operation  at  slightly  higher  power  and  pressure  may  be  possible  better. 
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ABSTRACT 

Research  and  development  of  pulsed-repetitively  slab  RF-excited  CO2  laser  is  presented.  The 
experiments  were  carried  out  for  two  modes  operation:  meander  mode  (duty  factor  5  =  50%) 
and  pulse  repetition  mode  at  6  =  12.5%.  The  range  of  240 't-  4000  Hz  of  pulse  repetition 
frequency  was  used.  Pulse  power  about  400  W  for  meander  mode  and  up  to  700  W  for  the 
second  mode  have  been  obtained.  Input  power,  radiation  pulse  shape  and  output  beam 
divergence  were  measured. 

Keywords:  slab  CO2  laser,  RF-pumping,  pulsed-repetitively  modes  operation. 


1.  INTRODUCTION 

There  is  a  current  interest  in  pulsed  -  repetitively  CO2  lasers  for  material  processing,  medical  and  laser  radar  applications. 
In  the  field  of  material  processing  the  pulse  modes  operation  with  small  and  moderate  energy  level  gives  new  possibilities 
for  glass  cutting  and  drilling  because  of  an  insignificant  heating  of  object  (“cold  ablation”  process).  In  previous  studies  of 
pulses  in  such  regime  it  was  utilized  UV  -  preionized,  recirculating  transversely  excited  atmospheric-pressure  (TEA)  lasers  ’ 
.The  use  of  UV-preionized  devices  leads  to  a  rather  small  lifetime  due  to  the  fast  degradation  of  laser  mixture. 

An  alternative  approach  to  operation  in  this  mode  utilizes  of  pulsed-repetitively  RF  -  pumping  slab  waveguide  lasers.  There 
is  difiuse  and  stable  discharge  in  such  lasers  without  use  of  any  preionizator.  RF  exciting  allow  to  use  a  slab  configuration 
of  a  gap,  when  spacing  between  extended  electrodes  is  only  1^  3  mm.  It  causes  effective  heat  removal  from  the  pumped 
volume  of  active  medium  by  the  heat  conduction  and  diffusion  of  gas  mixture  to  the  cooled  electrodes.  For  pulsed-repetition 
mode  the  gain  is  much  more  than  for  CW  one  ^ .  Besides,  the  slab  lasers  are  much  more  compact  than  UV  -  preionized 
devices. 


2.  EXPERIMENTAL  SETUP 

We  performed  our  investigations  with  a  slab  waveguide  CO2  laser  of  planar  configuration  with  sealed-off  nonflowing 
operation.  The  discharge  channel  was  formed  by  two  aluminum  alloy  electrodes  (  60  x  580  mm  ),  finished  with  optical 
quality,  and  separated  by  2  mm  discharge  gap.  No  any  coating  on  electrode  surfaces  was  used.  The  RF  driver  consisted  of  an 
oscillator-amplifier  arrangement.  This  allowed  to  easily  modulate  RF-discharge  pumping  by  signals  from  an  external 
oscillator.  The  system  operated  at  the  frequency  F  =  81.36  MHz  in  two  modes:  meander  or  repetitive-rate  with  duty  factor  5 
=  12.5%.  For  both  modes  pulse  -  repetition  frequency  (PRF)  was  in  the  range  250  -i-  4000  Hz.  Pulse  duration  was  varied 
from  2  ms  to  125|is  for  meander  mode  operation  while  from  500ps  to  30  ps  for  second  one.  The  RF-power  was  coupled  into 
the  discharge  structure  via  a  matching  network  that  included  a  parallel-resonant  distributed-inductance  arrangement. 
Measurement  of  the  power  put  into  the  discharge  plasma  was  done  by  means  of  the  calorimetric  method.  The  error  of  the 
measurement  did  not  exceed  10%. 
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The  study  was  carried  out  in  C02:N2;He:Xe  =  1:1:6:0.4  gas  mixture  at  40-^150  torr  .  We  performed  our  experiments  mairiy 
with  confocal  unstable  resonator  formed  by  two  concave  spherical  mirrors  (the  negative  branch  of  instability  /  . 
Magnification  of  resonator  was  equal  M=1.17.  This  type  of  resonator  has  a  weak  sensibility  to  misalignments. 


3.  LASER  POWER  AND  EFFICIENCY 


3.1.  MEANDER  (M)  MODE  OPERATION 

For  M  mode  the  studies  were  carried  out  for  gas  pressure  p  =  50  90  torr  and  average  input  power 

p  =  600  +  1700  W.  Pulse  input  power  is  twice  as  average  one.  The  dependence  of  lasing  energy  on  pulse  duration  is  shown 
in  Fig.  1.  Input  power  and  pressure  were  constant.  One  can  see  from  Fig.  1  the  pulse  energies  E  =  40  ^  340  mJ  for 
f  =  500  +  4000  Hz  were  obtained.  Maximal  pulse  energy  E  =  740  mJ  was  obtained  for  f  =  250  Hz.  One  can  see  that  the 
dependence  of  E  on  pulse  duration  Xp  is  nearly  linearly.  Such  dependence  of  pulse  energy  on  gas  pressure  is  also  obtained. 
(See  Fig.  2).  Fig.  3  presents  pulse  energy  versus  input  RF  power.  The  average  power  of  laser  radiation  reaches  in  these 
experiments  more  than  200  W  and  efficiency  is  varied  from  8%  up  to  13.5%. 


Fig.  1.  I>ependence  of  pulse  lasing 
energy  on  pulse  duration  for  M 
mode  operation, 
p  =  80  ^  90  torr. 

Pulse  power  P  «  2.2  kW. 


Fig.  2.  Dependence  of  pulse  lasing 
energy  on  gas  pressure  for  M 
mode. 

f=2000  Hz.  Tp  =  250  ^s. 

The  values  in  brackets  are 
average  pumping  powers  in  kW. 


Fig.  3.  Dependence  of  pulse  lasing 
energy  on  average  input  power 
for  M  mode. 

f  =  1000  Hz.  Xp  =  500  p.s. 
p  =  81  torr. 


3.2.  PULSE  -  REPETITIVELY  (PR)  MODE  OPERATION  ( 6  =  12.5%  ). 

We  studied  this  mode  operation  of  slab  CO2  laser  at  the  gas  pressure  p  =  40  150  torr  and  at  the  input  power  P  =  2  5.6 

kW.  The  volume  of  active  medium  was  70  cm^  and,  consequently,  the  specific  input  power  was  in  the  range  30-?-  80  W/cm  . 
Fig.  4  and  Fig  5  present  the  output  lasing  energy  versus  gas  pressure  for  the  whole  range  of  pulse  duration  and  PRF.  One 
can  see  that  lasing  energy  varied  from  3  up  to  300  mJ,  and  dependence  of  E  on  gas  pressure  is  nearly  linearly  in  the  studied 
range  of  pulse  durations  and  PRF’s.  Only  for  Xp  =  30  ps  (f  =  4000  Hz)  the  saturation  in  the  dependence  of  E  on  pressure  was 
obtained. 
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Fig.  4.  Dependence  of  pulse  lasing  energy  on  gas  pressure 
for  PR  mode. 

1  -  f  =  250  Hz.  Tp  =  500  ps. 

2  -  f  =  500  Hz.  Tp  =  250  ps. 

3  -  f  =  1000  Hz.  Tp  =  120  ps. 

The  values  in  brackets  are  average  pumping  powers 
inkW 


Fig.  5.  Dependence  of  pulse  lasing  energy  on  gas 
pressure  for  PR  mode. 

1  -f=2000  Hz.  Tp  =  60  ps. 

2-  f  =  4000  Hz.  Tp  =  30  ps. 

The  values  in  brackets  are  average  pumping 
powers  in  kW. 


4,  SHAPE  OF  LASER  PULSES 

In  these  experiments  the  lasing  pulse  shape  was  registrated  by  germanium  -  based  photodetector  doped  with  mercury  with 
time  resolution  better,  then  10"^  s.  The  pumping  envelope  shape  was  recorded  by  means  of  a  loop  network  placed  in  RF 
cable. 

The  radiation  pulses  have  nearly  triangular  shape.  The  pulse  rise  time  was  approximately  equal  to  pumping  pulse  duration 
Tp  in  our  range  of  the  gas  pressure  (40-5-150  torr  )  and  the  input  power.  Intensity  maximum  is  achieved  during  5  10  ps 

after  pumping  pulse  switching-off.  The  pulse  fall  time  was  approximately  equal  Xp  besides  the  case  of  the  small  pressure 
and  the  short  pumping  pulse  duration  ( p  =  40  torr,  Xp  =  30  ps).  This  result  is  closed  to  Ref  4  data  obtained  for  C02:N2:He 
=  1:1:5  mixture.  For  this  case  pulse  fall  time  was  much  greater  then  Xp.  There  are  not  any  quasistationary  plateau  and 
powerful  leader  spike  in  the  studied  cases.  These  facts  distinguish  our  case  both  the  TEA  lasers  and  results  of  Ref  5  ,  where 
in  the  slab  CO2  laser  at  the  great  input  power  (  600  700  W/cm^,  p  =  1 14  torr)  pulse  shape  was  like  TEA  lasers  one. 

Leader  spike  duration  was  about  0.5  ps,  peak  energy  was  veiy  small.  It  is  interesting  to  note  that  the  leader  amplitudes  for  p 
=  40  60  torr  were  significantly  smaller  than  basic  pulse  ones  (  see  Fig.  6  ).  If  the  gas  pressure  increases  (p  =  120  -5-150 

torr )  the  peak  amplitude  also  increases  proportional  to  pressure  and  input  power.  Only  if  Xp  «  30  ps  then  the  peak  amplitude 
becomes  more  then  basic  pulse  one. 

A  small  power  of  the  peak  can  be  explained  to  a  moderate  level  of  input  power  in  our  experiments.  A  small  part  of  CO2 
molecules  in  the  mixture  is  another  possible  reason.  Indeed,  we  operated  with  gas  mixture  initial  composition 
C02:N2:He:Xe  =  1:1:6:0.4  where  CO2  molecules  part  is  only  12%.  It  is  known  dissociation  level  of  CO2  molecules  in  RF 
discharge  of  the  cw  CO2  slab  laser  reaches  up  to  70  80  %  Therefore,  it  can  suppose  that  the  part  of  CO2  molecules  in 

our  experiments  was  still  less  then  initial  one. 

The  obtained  results  show  that  it  can  receive  rather  smooth  lasing  pulses  with  insignificant  leader  spike  by  varying  gas 
pressure,  mixture  composition  and  using  moderate  level  of  RF  pumping. 
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Fig.  6  Oscillograms, 

1  -  pumping  pulse.  2  -  lasing  pulse. 

a)  -  pulse  pumping  power  -  2  kW.  p  =  40  torr.  f  =  4000  Hz.  Xp  =  30  ps. 

b)  -  pulse  pumping  power  -  2.5  kW.  p  =  60  torr.  f  =  4000  Hz.  Xp  =  30  ps. 

c)  -  pulse  pumping  power  ~  4.1  kW.  p  =  123  torr.  f  =  2000  Hz.  Xp  =  60  ps. 

d)  -  pulse  pumping  power  -  5.6  kW.  p  =  150  torr.  f  =  1000  Hz.  Xp  =  125  ps. 


5.  DIVERGENCE  OF  LASER  RADIATION 


For  measuring  angular  divergence  we  used  a  two^shoulder 
scheme  In  this  scheme  the  part  of  radiation  power 
transmitted  through  the  calibrated  diaphragm  located  in  the 
focal  plane  of  the  objective  was  registered.  Fig.  7  presents 
results  of  measurements  for  confocal  unstable  resonator  with 
magnification  M=1.17.  It  is  seen  that  divergence  of 
radiation  at  0.8  of  the  total  power  is  about  2  mrad  in  the 
horizontal  direction  and  1 1  mrad  along  the  vertical 
direction.  The  divergence  values  proved  to  be  close  to  the 
diffraction  limit  \  Fig.  7  shows  also  the  total  divergence  of 
laser  radiation  after  correction  of  the  vertical  component 
performed  by  means  of  a  cylindrical  lens.  The  total  beam 
divergence  was  2.5  mrad  at  0.8  of  the  total  power  has  been 
obtained.  The  beam  intensity  distribution  was  found  to  be 
near  Gaussian  one.  The  divergence  of  radiation  in  M  mode 
is  practically  equal  the  divergence  in  PR  mode. 


Fig.  7.  Angular  distribution  of  radiation  power  for 
two  coordinates.  Radiation  power  is  200W  . 

Gas  pressure  80  torr.  1-  vertical  divergence  ; 
2-horizontal  divergence;  3  -  total  divergence  after 
beam  shaping  cylindrical  lens. 
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6.  CONCLUSIONS 


The  studies  of  the  two  pulse  modes  operation  of  slab  CO2  laser  with  small  and  moderate  pumping  power  and  gas  pressure 
in  the  range  of  40  h-  150  torr  were  carried  out.  It  was  shown  that  it  can  receive  rather  smooth  lasing  pulses  with  insignificant 
leader  spike  by  varying  gas  pressure,  mixture  composition  and  using  moderate  level  of  RF  pumping.  These  results  can  be 
useful  for  some  applications  ,  for  example  at  the  fragile  materials  processing. 
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ABSTRACT 

The  gains  were  measured  for  the  lines  in  the  traditional  band  OO^l-lO'^O,  00°  1-02^0,  in  the  second  band  of  the  00  2- 
10°1  sequence,  and  in  the  hot  band  Ol'l-ll’O  emitted  by  the  active  medium  of  an  electric-discharge  CO2  module.  The 
experimental  results  were  used  in  a  generalised  theoretical  model  to  find  the  translational  and  vibrational  temperatures, 
and  the  concentration  of  the  active  molecules.  The  Fermi  resonance  between  the  10°0  and  02°0  did  not  ensure  a  Boltzmann 
distribution  of  their  populations  under  the  conditions  in  the  electric-discharge  module.  The  degree  of  dissociation  of  the 
CO2  molecules  in  the  discharge  did  not  exceed  22%  when  the  maximum  input  power  density  was  near  6  W/cm  . 

Keywords:  line,  band,  gain,  sequence,  medium,  electric-discharge,  dissociation,  trancelational,  vibrational, 
temperature,  population,  concentration 

Information  on  the  parameters  of  the  active  media  is  essential  for  the  optimisation  of  the  operational  characteristics  of 
molecular  lasers.  In  the  case  of  CO2  lasers  these  parameters  are  the  translational  and  vibrational  temperatures  T,  Ti,  T2, 
T3  [1],  and  the  concentration  n  of  the  active  molecules.  The  vibrational  temperatures  in  the  active  medium  of  an  electric- 
discharge  CO2  laser  have  been  determined  experimentally  on  a  number  of  occasions  (see,  for  example,  Refs  [2-5]). 
However,  the  vibrational  temperature  Ti  of  the  lower  active  level  has  not  been  found  (and  we  have  shown  [6]  that  this  may 
lead  to  a  large  error  in  determination  of  the  concentration  n),  and  the  remaining  temperatures  have  been  calculated  on  the 
basis  of  an  approximate  model.  It  has  been  shown  theoretically  in  Ref  [7-8],  that  the  parameters  of  an  inverted  medium 
can  be  determined  unambiguously  without  any  simplifying  assumptions  if  the  gains  have  been  measured  for  the  lines  in 
four  bands:  the  traditional  bands  00°1-10°0  and  00°l-02°0,  the  second  sequence  band  00°2-10°l,  and^the  hot  band  01  1- 
ll'O.  In  Ref  [9]  the  literature  data  on  the  gain  measurements  for  the  lines  in  traditional  bands  00°1-10°0  and  00  1-02  0  of 
continuous  operating  and  pulsed  CO2  lasers  have  been  analysed.  On  the  basis  of  this  analysis  it  was  shown,  that  under  any 
experimental  conditions,  performed  in  the  above  papers,  no  vibrational  equilibrium  has  occurred  between  symmetric  (vj) 
and  bending  (V2)  modes.  In  Ref  [6],  describing  the  diagnostics  of  the  active  medium  of  the  waveguide  CO2  laser,  it  was 
confirmed  the  absence  of  an  equilibrium  between  the  symmetric  and  bending  modes;  the  experiments  show  that  the 
difference  between  vibrational  temperatures  Tj  and  T2  achieved  the  value  of  150  K  and  increased  with  the  increase  of  the 
discharge  current.  In  Ref  [10],  describing  the  diagnostics  of  the  active  medium  of  the  homogeneous  gasdynamic  CO2 
laser,  it  was  shown,  that  the  Fermi  resonance  between  the  10°0  and  02°0  levels  does  not  ensure  a  Boltzmann  distribution  of 
their  populations,  and  consequently  the  vibrational  temperature  for  a  symmetry  mode  Ti>T2  and  the  difference  between  the 
values  of  temperatures  reach  up  to  0.5  T2,  when  the  stagnation  pressure  is  decreased.  Dissociation  of  the  CCfy  molecules 
was  not  detected  in  the  active  medium  of  homogeneous  gasdynamic  laser. 

Our  aim  was  to  determine  the  translational  and  vibrational  temperatures,  and  the  concentration  of  the  active 
molecules  in  an  electric-discharge  CO2  module  from  the  experimentally  determined  gains  using  the  theoretical  scheme, 
put  forward  in  Ref  [7-8].  This  electric-discharge  CO2  module  is  distinguished  from  the  waveguide  CO2  laser,  investigated 
formerly  in  Ref  [6],  mainly  by  the  essentially  smaller  specific  input  power.  An  important  aspect  of  this  work  was  the 
versatility  demonstration  of  the  “laser  spectrograph”  method,  which  had  been  evaluated  by  us  previously  in  Ref  [6,10]  at 
the  waveguide  and  gasdynamic  CO2  laser  active  media  diagnostics. 

An  electric-discharge  CO2  module  (an  active  cell),  manufactured  from  molybdenum  glass,  consists  of  discharge  tube 
(0  15  mm,  L  w  140  cm),  jacket  cooling  system  and  reserve  balloon.  The  output  windows,  sealed  in  the  metallic  end  face 
sections,  were  manufactured  from  the  gallium  arsenate.  A  cylindrical  electrode  placed  into  one  of  the  end  face  section 
served  as  an  anode.  The  separate  glass  bulb,  placed  at  the  other  end  face  section,  contained  a  cathode.  Discharge  gap  was 
about  118  cm.  A  dc  discharge  was  excited  by  a  high-voltage  power  supply  unit  taken  from  an  industrial  ILGN-704  laser. 
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Cooling  was  made  by  the  circulating  flux  of  the  40%  ethillenium  alcohol.  In  the  stable  operational  regime  of  the  active 
cell,  the  temperature  of  the  cooled  liquid  was  supported  near  Tcooi  ~  265K  by  means  of  heat  interchanger.  An  active  cell 
was  filled  with  working  mixture  of  14  CO2  +  20  N2  +  70  He  +  6  Xe  composition  of  dry  gases.  The  gas  pressure  in  the  tube 
was  10  Torr. 

Table  1  lists  the  values  of  the  discharge  current  I,  of  the  voltage  U,  of  the  electrical  power  P  delivered  to  the 
discharge,  and  of  the  pump  power  per  unit  volume  S.  The  schematic  diagram  of  the  apparatus  used  in  measurements  of  the 
gains  of  the  different  lines  in  the  active  medium  of  the  CO2  laser  is  shown  in  Fig.L  The  apparatus  was  similar  to  that 
described  earlier  that  in  the  present  paper  an  automatic  CO2  laser,  developed  by  ourselves,  tunable  through  the 

lines  of  five  bands  i  as  a  probe  CO2  laser. 


la  hit  1.  Parameters  of  the  electric  discharge  in  the  electric-discharge  CO2  module 


I(  mA) 

U(kV) 

P(W) 

S(  wW ) 

9 

10.5 

94.5 

1.82 

16 

9.5 

152 

2.92 

24 

8.5 

204 

3.92 

32 

8.0 

256 

4.92 

Fig.  L  Schematic  diagram  of  the  apparatus  used  in  measurements  of  the  different  lines  gains  in  four  bands 

(00^1-10^0,  00^1-02°0,  00°2“10°1 ,  OT 1-1 1  ^0)  in  the  active  medium  of  the  electric-discharge  CO2  module; 

1  -  automatic  tunable  CO2  laser;  2  -  active  cell;  3  -  assembly  for  the  comer  reflector  positioning  with  diffraction  grating  and 
piezocorrector;  4  -  nontransmitting  mirror  with  R=3  m;  5  -  diaphragm;  6  -  pyroreceiver  (MG-30);  7  -  power  supply,  blocks  for  the 
automatic  trimming  system  and  step  motor  control  system;  8  -  turning  mirror;  9  -  NaCl  deviding  plate  covered  by  dielectric  material; 
10,  11,  12  -  spherical  mirrors;  13  -  diffraction  reflactive  grating;  14  -  chopper;  15  -  electric-discharge  CO2  module;  16,  17  - 
pyroreceivers;  18,  19  -  amplifiers;  20  -  analog-to-digit  converter;  21  -  thermoscreen;  22  -  personal  computer. 

The  gains  of  the  active  medium  were  measured  for  the  following  five  lines:  P(18)  in  the  00^1-10%  band,  P(40)  (00^1- 
10%),  P(18)  (00^1-02%),  P(33)  (OO^-lO^^l),  and  P(19)  (OiM-11%).  These  specific  lines  were  selected  on  the  basis  of  the 
following  criteria.  All  of  them  should  not  be  too  close  to  the  adjacent  lines.  For  this  reason  we  selected  P(18)  and  not  P(20) 
line  from  the  00^1-10%  band,  since  the  P(20)  line  was  located  close  to  the  P(23)  line  in  the  hot  band  01^  1-11%  (AX  «  0.01 
cm^).  The  fairly  distant  P(40)  line  in  the  00^1-10%  band  was  selected  to  reduce  the  error  in  determination  of  the 
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translational  temperature  T.  The  P(18)  (00^1-02^)  line  was  chosen  to  simplify  the  calculations  (its  rotational  number  was 
J  =  18,  which  was  the  same  as  for  the  00^1-10^0  band).The  P(19)  line  in  the  01^-11^0  band  and  the  P(33)  line  in  the  00^2- 
10^1  band  were  selected  because  they  were  sufficiently  powerful  and  well-resolved.  The  measurements  were  carried  out  at 
the  centre  of  the  gain  profile  of  each  line  in  the  active  medium  of  the  electric-discharge  module.  The  probe  radiation  power 
was  always  sufficiently  low  to  avoid  the  saturation  effect.  Let’s  mark,  that  the  gain  integrated  over  the  cross  section  was 
determined  during  the  probe.  Ten  measurements  of  gain  were  made  for  each  of  the  five  lines  and  this  was  done  at  four 
different  values  of  the  discharge  current  (I  =  9,  16,  24,  and  32  mA).  Then  the  standard  method  [11]  of  the  experimental 
data  processing  was  used  to  find  the  average  value  of  the  gain  and  the  error.  The  experimental  values  of  the  gain  k, 
obtained  at  different  values  of  the  discharge  current,  are  listed  in  Table  2  for  five  lines. 

Table  2.  Experimentally  determined  gain. 


Discharge 

current 

(mA) 

Line  gain,  k(m'‘) 

P(18)  P(40)  P(33)  P(19)  P(18) 

00°1-10°0  00®1-10°0  00°2-10°l  Ol'l-ll'O  00°l-02'’0 

9 

0.898 

0.357 

0.187 

0.102 

0.766 

16 

0.751 

0.340 

0.229 

0.119 

0.681 

24 

0.634 

0.319 

0.245 

0.123 

0.513 

32 

0.507 

0.297 

0.226 

0.102 

0.465 

The  temperature  model  of  Ref.[l,7-8]  was  used  to  write  a  system  of  four  equations  with  four  unknowns  T,  Xu  X2,  and 
X3.  The  system  can  then  be  solved  quite  readily  by  a  numerical  method.  This  numerical  solution  can  be  obtained  by  taking 
the  probabilities  of  the  spontaneous  radiation  A(J)  and  the  collisional  width  of  the  laser  transition  from  Ref  [8]  and  the 
rotational  constants  Bnnis  from  Ref  [12],  and  substituting  the  experimental  gains  from  Table  1  in  place  of  h  The 
translational  and  vibrational  temperatures  obtained  in  this  way  can  then  be  substitute,  for  example,  in  the  expression  for 
the  gain  of  the  P(18)  (00^1-10^0)  line,  which  yields  the  concentration  of  the  CO2  molecules.  Table  3  lists  the  calculated 
values  of  the  temperatures  T,  Ti,  T2,  and  T3  and  the  concentrations  n  of  the  CO2  molecules  in  the  active  medium  of  the 
electric-discharge  module. 

For  clarity,  the  results  obtained  are  plotted  in  Fig.2  in  the  form  of  the  dependencies  of  the  translational  and 
vibrational  temperatures  on  the  discharge  current.  We  can  see  that  an  increase  in  the  discharge  current  (and,  consequently, 
in  the  specific  input  energy)  results  in  saturation  of  the  temperature  T3  (as  against  Ref  [6]).  Obviously,  this  can  be 
explained  by  the  relatively  low  specific  input  power(1.8...5  W/cm^),  which  is  typical  of  electric-discharge  CO2  lasers 
operating  at  a  low  pressure  of  the  working  mixture.  The  other  temperatures  T,  Ti,  and  T2  increase  linearly.  The  linear 
increase  of  the  difference  between  T2  and  T,  occurred  when  the  discharge  current  is  increased  can  be  attributed  to  the 
interaction  between  the  vibrational  energy  of  the  mode  V2  and  kinetic  energy,  determined  by  equation: 

dE2(T2)/dt  -  -[E2(T2)  -  E2(T)]/T2 

For  the  relatively  low  T  the  velocity  of  the  mode  V2  cooling  is  proportional  to  T2-T,  and  because  of  the  flux  of  energy  to  the 
mode  V2  is  proportional  to  the  discharge  current,  the  difference  T2-T  is  proportional  to  the  discharge  current,  too  [13]. 

Another  important  result  is  that  the  difference  between  the  vibrational  temperatures  Ti  and  T2  is  fairly  large  and  that 
this  difference  increases,  when  the  discharge  current  is  increased,  i.e.  in  the  electric-discharge  CO2  module  the  Fermi 
resonance  between  the  10^0  and  02^0  levels  does  not  ensure  an  equilibrium  between  Ti  and  T2. 

Table  3.  Calculated  temperatures  and  concentrations  of  active  molecules  in  the  medium  of  the  electric-discharge  CO2  module. 


l(mA) 

T(K) 

T,(K) 

T2(K) 

T3(K) 

n(%) 

9 

389 

513 

452 

1664 

11.4 

16 

419 

646 

531 

1963 

10.6 

24 

448 

718 

596 

2192  1 

10.1 

32 

500 

740  i 

633 

2284 

9.9 

Fig.3  demonstrates  the  dependence  of  the  CO2  molecules  concentration  on  the  discharge  current.  It  was  interesting 
fact,  that  the  degree  of  dissociation  of  the  CO2  molecules  occurred  insignificant  under  the  conditions  of  our  experiment 
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and  did  not  exceed  25%  even  for  the  maximum  discharge  current.  Small  dissociation  degree  molecules  can  likely  to  be 
explained  by  such  fact  that  electric-discharge  CO2  module  switched  on  only  for  the  time  of  measurement,  which  was  a  few 
minutes  for  each  line,  and  before  every  measurement  a  mixture  had  been  renovated. 

The  majority  of  the  reported  determinations  of  the  concentration  of  the  CO2  molecules  were  made  by  either 
chromatographic  or  mass-spectroscopic  methods  (see,  for  example,  Ref.  [14]).  In  both  cases  a  sample  was  taken  from  the 
exit  of  the  gas-circulation  system.  The  Taser  spectrograph’  method  described  above  made  it  possible  to  determine  the 
concentration  to  the  CO2  molecules  directly  in  the  charge.  Therefore,  we  were  able  to  carry  out,  for  the  first  time,  a  full 
diagnostic  analysis  of  an  electric  discharge  CO2  laser  and  to  find  the  main  parameters  of  the  active  medium  (T,Ti,T2,T3,n) 
in  the  operating  regime,  which  could  then  be  used  to  predict  the  energy  characteristics  of  lasers  of  this  type  more  precisely. 


Fig,  2.  Dependences  of  the  translational  (T)  and  vibrational  Fig.3.  Dependences  of  the  concentration  n  of  the 

(Ti,  T2,  T3)  temperatures  on  the  discharge  current.  CO2  molecules  on  the  discharge  current. 
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ABSTRACT 

Epitaxial  rare-earth  (Re:  Nd,  Yb)  doped  yttrium  aluminum  garnet  (Rex:Y3.xA50i2  or  Re:YAG)  films  have  been  grown  on 
various  substrates  by  pulsed  laser  deposition  for  the  purpose  of  fabricating  diode-pumped  waveguide  lasers.  The  films  were 
characterized  by  Rutherford  backscattering,  x-ray  diffraction,  and  photo-luminescence  measurements.  These  Nd:YAG  films  on 
(100)  silicon  substrate  having  a  large  lattice  mismatch  show  oriented  stoichiometric  growth.  On  the  other  hand,  the  films  of 
rare-earth  doped  YAG  on  garnet  substrates  show  the  epitaxial  growth  with  the  smooth  surfaces.  Their  characterization  of  rare-earth 
doped  YAG  thin  films  on  various  substrates  was  comparable  to  that  of  the  Nd:YAG  bulk  laser  crystal. 

Keywords:  waveguide  lasers,  pulsed  laser  deposition,  Nd:YAG,  Yb:YAG,  rare-earth  doped  laser  crystal,  waveguide  structure, 
solid-state  lasers,  micro-chip  lasers 


1.  INTRODUCTION 

The  solid-state  laser  crytsal  with  waveguide  structure  has  several  advantages  over  bulk  one  due  to  the  optical  confinement 
which  leads  to  the  low- threshold  and  efficient  oscillation.  A  common  solid-state  laser  material  consists  of  an  optically  transparent 
host  such  as  glass,  YAG  (Y3AI5O12)  sapphire  (Al^O^),  eta,  doped  with  a  small  amounts  of  rare-earth  oxides.  Among  various 
solid-state  laser  media,  rare-earth-doped  yttrium  aluminum  garnet  (such  as  Nd:YAG,  Yb:YAG)  waveguide  has  strong  potential  for 
application  to  diode-pumped  waveguide  lasers^*^  and  is  desirable  for  integrated  optoelectronics  applications  such  as  Q-switched 
microchip  lasers  which  can  be  realized  by  monolithically  combining  their  waveguide  lasers  with  other  optical  components  (e.g. 
Cr:YAG  thin  film)  on  the  same  substrate'^’^  Thus,  the  possibility  of  fabricating  rare-earth  doped  YAG  thin  films  with  waveguide 
structure  on  various  substrates  will  widen  their  applications  in  the  fields  of  integrated  optics. 

The  NdiYAG  and  Yb:YAG  waveguides  on  various  substrates  were  prepared  by  pulsed  laser  ablation  of  Nd^O^-Y^O^-A^O^  and 
sintered  mixtures,  respectively;  the  guiding  structure  was  made  either  by  depositing  a  layer  of  rare-earth  doped 
YAG  on  undoped- YAG  substrate  which  have  a  lower  refractive  index,  or  by  successive  deposition  of  two  layers  with  respective 
refractive  indices  of  (ri<  on  Si,  GGG  substrates^  The  latter  process  allows  the  difference  in  refractive  index  to  be 

controlled  by  modifying  the  rare-earth  ion  (Nd  and  Yb  )  content  of  YAG  layer;  thus  single-mode  guides  can  be  obtained.  Since 
silicon  is  the  most  developed  material  for  electronics,  the  use  of  it  as  a  substrate  may  lead  to  the  realization  of  combining  Si 
electronic  devices  with  the  optical  waveguide  on  the  same  Si  substrate.  However,  Si  substrate  have  the  different  crystal  structure 
(cubic,  diamond)  with  a  relatively  small  lattice  constant  of  5.43072Aas  compared  with  that  of  YAG  (misfit  factor  (m.f.)  =  100 

Kag  -  ^subl  /  «sub  =  54.8%) ,  while  the  GGG  (Gd3Ga50x2)  and  SGGG 
(Zr-  and  Sc-doped  Gd^Ga^O^^’  Crismatec  Company)  substrates  have  the  same 
garnet  structure  as  the  NdrYAG  films  (cubic,  /a3d).  These  lattice  constants 
of  GGG  and  SGGG  are  12.376  A^  (m.f.  =4.02%)  and  12.492  A  (m^.f.  = 

3.06%),  respectively  which  are  slightly  larger  than  of  YAG,  12.0089  A®.  In 
this  letter,  we  report  the  preparation  of  high-quality  rare-earth  doped  YAG 
thin  films  on  various  substrates  by  PLD,  and  then  the  evaluation  of  the 
structure,  crystallinity  and  optical  property  of  the  deposited  films. 


(_n^=  181633) 
YAG(ni  =181523) 


Substartes  YAG  (hq  =1.81523) 
GGG,  Silicon,  MgO 


Fig.l.  Rare-earth  doped  YAG  planar  waveguide. 
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2.  EXPERIMENTAL 


Ahigh-purity(99.99%),  high-density  sintered  pellet  prepared  by  mixing  appropriate  amounts  of  Y^O^,  Al^O^  andNd^O^  or 

Yb^Oj  was  used  as  a  target  for  the  deposition  process.  The  KrF  excimer  laser  beam  (wavelength  :  248  nm,  repetition  rate :  10  Hz, 

2 

pulse-width  ;  30  ns,  fluence  :  1.0-5.3  J/cm  )was  focused  with  alens  onto  the  target  rotating  at  about  30  rounds  per  minute  in  a 
stainless-steel  vacuum  chamber  as  shown  in  Fig.  2.  Single-crystal  (100)-oriented  Si,  (lll)-oriented  GGG,  and  YAG  wafers  were 
used  as  substrates  which  was  loaded  in  the  vacuum  chamber  and  fixed  on  the  black  quartz  that  was  put  on  the  quartz  rod,  through 
which  infrared  rays  were  introduced,  and  then  the  substrate  was  heated  up  to  substrate  temperature  (Tsub)  of  100-970°C.  The  stage 
temperature  was  determined  by  a  thermocouple  embedded  in  the  stage  just  below  the  substrate  surface.  Prior  to  the  insertion  into 
the  chamber,  the  silicon  wafers  were  ultrasonically  cleaned  with  acetone  and  then  dipped  in  4.7  %  HF  to  remove  the  native  oxide. 

All  rare-earth-doped  yttrium  aluminum  oxide  films  were  formed  in  vacuum  at  a  pressure  of  3.0-5.0x  lO’^  Torr.  The  composition, 
crystalline  quality  and  orientation  of  the  films  were  investigated  by  Rutherford  backscattering  spectrometry  (RBS),  x-ray 
photo-electron  spectroscopy  (XPS)  and  x-ray  diffraction  (XRD).  The  surface  topography  of  the  films  was  determined  b}'  atomic 
force  microsarpy  (AFM).  The  optical  properties  of  rare-earth  doped  YAG  thin  films  were  investigated  by  photoluminescence 
measurements. 

3.  RESULTS  &  DISCUSSION 


3.1.  Composition  of  the  film  bv  PT.n 

Rutherford  backscattering  (RBS)  experiments  were 
carried  out  on  the  films  to  determine  the  composition. 
Figure  2  shows  RBS  speclmm  from  the  film  deposited  at 
500°C  by  using  20  at.%  Yb  doped  stoichiometric  target, 
along  with  the  simulated  spectrum  for  a  film  thickness  of  89 
nm  and  a  composition  of  Yb^:  Y^  (x=  0.60,  Yb:  20.0 

at.%).  The  good  fit  beUveen  the  experimental  spectrum  and 
the  simulated  spectrum  (dotted  line)  indicates  that  the 
composition  of  the  film  is  the  same  as  that  of  Yb:YAG 
garnet  crj'stal.  The  composition  of  Nd  doped  YAG  films  on 
(100)  oriented  Si  and  (lll)-oriented  YAG  substrates  was 
also  determined  from  the  RBS  and  XPS  analyses  to  be  Nd  : 

0.011-0.25,  Nd;  0.37-8.3  at.%)  ^ 


3.2.  The  film  structure  and  crystallinity 

The  film  structure  and  crystallinity  were  characterized  by 
x-ray  difiiaction  technique  (Cu  Ka  radiation).  Figure  3 
shows  the  XRD  diffraction  pattern  of  a  typical  Nd-doped 
yttrium  aluminum  oxide  film  deposited  at  T  =  700°C.  The 

sub 

XRD  patterns  have  a  sharp  peak  at  33.54°  which  corresponds 
to  the  (420)  reflection  of  the  YAG  phase  at  33.32°.  Textured 
Nd:YAG  crystalline  thin  films  have  been  grown  on  Si 
single-ciy'stal  substrate  by  the  pulsed  laser  deposition 
technique  for  the  first  time,  despite  the  large  lattice 
mismatch  of  54.8  %  to  YAG^  From  XRD  analysis,  it 
indicates  that  the  films  grown  at  T^^^  <  500°C  have 
amorphous  structure  and  the  films  grown  at  500°C<  T 
<700‘’C  have  poly-crystalline  structure. 


Fig.  2.  Rutherford  backscattering  spectrum  of  Yb:YAG  film  grown 
on  (100)  Si  substrate  at  500 '"C,  Tbe  line  is  the  experimental  result 
and  the  dotted  line  represents  the  fit  obtained  assuming  the 
compositions  described  in  the  figure. 


26/ [deg] 

Fig.  3.  X-ray  diffraction  pattern  of  Nd-doped  YAG  thin  films 
grown  on  Si(lOO)  at  700‘’C. 
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Figure  4  shows  a  cross-sectional  SEM  photograph  of  atypical  bilayer  of  YbiYAG  (Yb:  20.0  at.%)  and  undoped  YAG  grown 
on  (111)  GGG  substrate  under  the  conditions  mentioned  above  with  laser  fluence  4.5  J/cm  ,  T^^^^atSOO'C  and  post-annealed  with 


T  at  980  “C.  The  thickness  of  YbrYAG  and  undoped- YAG  layers  were  9.3  and  3.6  fim,  respectively. 


In  this  photograph  there  were  some  droplets  which  will 
increase  the  waveguide  loss.  However,  under  the 
appropriate  experimental  conditions  (lower  laser 
fluence,  target-substrate  (fistance),  the  films  with  ver>’ 
smooth  surface  could  be  obtained  Then  the  films  on 
SGGG  and  YAG  substrates  have  smooth  surfaces  with 
the  standard  deviation  of  surface  roughness  of  1.31  nm 
and  0.56  nm,  respectively^. 

Figure  5  shows  ax-ray  diffraction  pattern  of  atypical 
YbiYAG  (Yb:  20.0  at.%)  and  undoped  YAG  bilayer 
grown  on  (111)  GGG  substrate  as  shown  in  Fig. 4.  In 
addition  to  a  strong  (444)  peak  of  GGG  substrate,  there 
is  a  peak  at  51.96“  (d  spacing  of  1.7584A)  which 
corresponds  to  the  (444)  reflections  from  YbiYAG  and 
non-doped  YAG  bilayer.  Epitaxial  films  of  NdrYAG  and 
undoped  YAG  were  also  grown  on  (lll)-oriented  GGG 
and  SGGG  substrates. 


Yb:YAG  layer 
YAG  layer 


GGG  substrate 


Fig.  4.  Cross-sectional  SEM  image  of  bilayer  of  Yb:YAG  and 
undoped-Y AG  grown  on  GGG(lll)  substrate. 


Fig.5.  X-ray  diffraction  pattern  of  bilayer  of  YbiYAG  (Yb:  20.0  al.%)  and  undoped  YAG  grown  on  (111)  GGG  substrate. 


3.3.  Optical  properties  of  the  film  b^^  PLD 

The  refractive  index  of  the  film  was  measured  by  a  variable-angle  spectroscopic  ellipsometer  (VASE)  made  by  J .A.  Woollam 
Company.  Then  the  optical  constants  were  determined  by  numerically  fitting  the  VASE  data  and  the  index  of  refraction  n  lor 
Nd:YAG/YAG  bilayer  on  GGG  were  given  as^ 

n(A)  =  1,7845±0.0139+(0.10155±0.00989)/  +(0.10155±0.00989)/  A" 

n(1.064/^m)  =  1.824±0.024 

This  index  agrees  well  with  one  of  YAG  and  Ndl.O  at.%  doped  YAG(n(1.064/em)  =1.81523  and  1.81633,  respectively).  However, 
the  small  difference  between  NdiYAG  and  YAG  layers  couldn’t  be  detected  in  this  case  by  using  the  VASE. 

The  optical  properties  of  NdiYAG  thin  films  on  Si(lOO)  and  YAG(lll)  substrates  were  also  investigated  by 
photoluminescence  (PL)  measurements.  Photoluminescence  spectra  of  NdiYAG  films  were  excited  with  808  nm  radiation  from 
TiiSapphire  laser.  The  transitions  of  Nd^"  ions  in  YAG  in  the  region  of  1.06/^m  were  observed  clearly  for  the  films 
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grown  on  Si(lOO)  at  greater  than  600"C.  On  the  other  hand,  the  transitions  of  ions  for  the  film  grown  atT^^^  lower  than 
500**C  exhibits  a  broad  peak  because  the  films  were  amorphous.  Epitaxial  films  of  Nd:YAG  were  grown  on  (lll)-oriented  YAG, 
(KjG,  SGGG  substrates.  Figure  6  shows  the  PL  spectrum  of  Z.l^am-thick  epitaxial  Nd:YAG  film  on  YAG  substrate  grown  at 
Tsub  =  910‘’C.  transitions  of  ions  in  YAG  in  the  region  of  0.9/^m  and  1.06/im  were  observed 

clearly.  The  PL  spectrum  was  the  same  as  that  of  the  Nd:YAG  bulk  crystal. 


Wavelength  [nm] 

Fig.  6.  Photoluminescence  spectrum  of  Nd:YAG  epitaxial  planar  waveguide  grown  on  (111)  undpoed  YAG  substrate. 

4.  SUMMARY 

In  summaiy^  epitaxial  films  of  rare-earth  doped  YAG  were  prepared  on  (111)  garnet  substrates  by  Pulsed  Laser  Deposition 
(PLD).  The  films  of  Nd:YAG  on  Si  show  oriented  stoichiometric  growth  despite  the  large  lattice  mismatch  of  54.8  %  with  YAG. 
The  x-ray  diffradion  and  photoluminescence  spectra  indicate  that  the  film  is  a  Nd  doped  YAG  crystal  comparable  to  bulk  laser  one. 
These  results  suggest  that  PLD  can  be  an  alternative  growth  scheme  that  offers  the  potential  to  produce  optical  thin  films  with 
quality  rivaling  that  of  LPE-  and  MOCVD-grown  films. 
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ABSTRACT 

High  power  lasers  operating  at  high  repetition  rates  at  the  kilohertz  regime  are  attractive  for  a  variety  of  applications. 
Such  high  repetition  rates  can  be  achieved  by  Q-switching  a  CW  laser  using  either  an  acousto-optic,  an  electro-optic  or 
a  passive  Q-switch.  Since  passive  Q-switching  needs  no  external  electric  circuit,  it  may  be  valuable  for  solar  pumped 
lasers  to  be  used  at  space.  In  recent  years,  Cr'^'^iYAG  has  been  extensively  used  for  passive  Q-switching  of  flashlamp 
pumped  Nd:YAG  lasers.  For  high  average  power  lasers,  the  excellent  thermal  characteristics  of  Cr  ^:YAG  give  it  an 
edge  over  other  saturable  absorbers.  In  the  present  paper  we  report  on  the  first  passive  Q-switching  of  solar  pumped 
high  power  Nd;YAG  laser.  This  solar  pumped  Nd:YAG  laser,  which  employed  3  and  4  mm  diameter  Nd:YAG  rods, 
emitted  up  to  50  watts  in  the  CW  mode.  The  laser  rod  was  side-pumped  by  solar  irradiation  using  a  three  stage 
concentrating  system.  The  Cr'^^iYAG  device  rear  surface  was  coated  by  high  reflection  dielectric  coating,  serving  as 
cavity  rear  mirror,  while  the  output  mirror  had  a  reflectivity  of  90%.  An  average  output  power  of  9  watts  was  obtained 
from  the  passive  Q-switched  solar  pumped  laser  at  15-40  kHz ,  twice  previous  results  for  a  passive  Q-switched 
Nd:YAG  laser,  results  which  had  been  obtained  under  continuos  flashlamp  pumping. 

Keywords:  Cr:YAG,  Nd: YAG,  saturable  absorber,  Q-switch,  concentration,  solar  laser,  repetition  rate,  thermal 

1.  INTRODUCTION 

In  the  last  decade,  solar  pumped  lasers  attracted  much  attention  as  candidates  for  wireless  power  transmission  in 
space^’^,  for  free  space  optical  communication  and  for  photochemistry^  The  resulted  research  of  solar  pumped  solid 
state  lasers  succeeded  in  achieving  efficiencies  of  several  percents^’^,  CW  output  power  in  the  hundreds  watts 
regime^,  and  tunable  lasing.  Solar  pumped  lasers  have  been  operated  in  a  variety  of  configurations;  stand  alone 
oscillator,  a  cluster  of  rods  in  common  resonator^  and  a  master  oscillator  power  amplifler(MOPA)  .  For  various 
applications,  it  may  be  needed  to  shape  the  temporal  and  spectral  characteristics  of  the  solar  pumped  laser  beams,  by 
turning  the  laser  into  a  high  repetition  rate  mode  of  operation,  and  shifting  the  laser  output  frequency  via  non-linear 
interactions  .  High  repetition  rates  are  achieved  by  switching  the  Q-factor  of  the  laser  resonator  by  either  of  the 
conventional  techniques.  Passive  Q-switching  a  laser  potentially  offers  the  advantages  of  low  cost,  reliability  and 
simplicity  in  fabrication  and  operation  compared  to  acousto-optic  or  electro-optic  active  techniques.  This  is  of  special 
importance  for  space  based  applications,  in  which  one  would  like  to  minimize  electrical  power  usage. 

In  the  past,  Cr'^'^iYAG  have  been  used  as  a  passive  Q-switch  for  pulsed  Nd:YAG  lasers,  and  recently  it  was  also 
introduced  by  Shimony  et  af  as  passive  Q-switch  for  continousely  flashlamp  pumped  solid  state  laser.  This  was  made 
possible  due  to  the  excellent  thermal  characteristics  of  the  YAG  host  material.  Shimony  et  af  have  obtained  up  to  4 
watts  of  average  power  at  rates  of  2-29  kHz ,  and  80-300  ns  pulsewidths,  without  active  cooling  of  the  Cr"^  :YAG 
crystal. 

In  the  present  paper  we  report  on  the  first  operation  of  a  passive  Q-switched  solar  pumped  NdiYAG  laser.  An  average 
power  of  9  watt  at  36%  switching  efficiency  was  obtained,  using  water  cooled  Cr'^^tYAG  saturable  absorber.  The  three 
stage  solar  concentrator,  which  was  employed  for  pumping  the  laser,  the  resonator  and  the  experimental  results  are 
discussed  in  the  next  sections. 
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2.  EXPERIMENTAL 


Solar  radiation  has  a  relatively  low  power  density,  of  less  than  1000  W  Im  .  To  overcome  the  lasing  threshold,  the 
pump  power  density  must  be  increased  by  a  combination  of  imaging  and  non-imaging  optics'*.  The  present  study  was 
performed  at  the  Solar  Tower  at  Weizmann  Institute^’^,  and  the  solar  radiation  was  concentrated  before  pumping  the 
Nd:YAG  laser  by  a  three  stage  solar  concentrator.  The  first  concentrating  stage  was  composed  of  3-10  Fresnel 
parabolic  heliostats,  each  having  an  area  of  56  m^ .  The  concentrated  light  then  enters  a  reflective  3-D  compound 
parabolic  concentrator  (CPC),  and  finally  a  reflective  2-D  CPC. 

The  laser  oscillator,  including  the  2-D  CPC,  is  depicted  in  Fig.  1 .  Over  90%  of  the  solar  radiation  entered  at  the 
rectangular  2-D  CPC  entrance,  irradiates  the  laser  rod,  located  along  the  2-D  CPC  axis.  The  laser  rod  is  placed  within 
a  quartz  jacket  which  allows  a  flew  of  organic  liquid  of  high  refractive  index  to  cool  the  laser  rod.  The  organic  liquid 
in  turn  is  cooled  down  by  liquid  nitrogen  in  a  separate  heat  exchanger.  The  7.7mm  diameter  1.48mm  thick  Cr''"^:YAG 
disk,  shown  in  Fig.  2  ,  served  as  both  passive  Q-switch  and  rear  mirror.  For  this  sake,  it  was  coated  on  both  sides;  the 
front  surface  was  anti-reflection  coated  to  prevent  parasitic  lasing,  and  the  water  cooled  back  surface  had  high  reflection 
coating  for  1.06[J.m.  With  doping  level  at  0.25%  ionic  weight,  the  measured  non-saturable  transmission  of  the  Cr'**^:YAG 
was  found  to  be  72%,  while  the  plane  output  mirror  had  90%  reflectance.  The  power  emitted  was  monitored  with  an 
Ophir  power  meter,  while  small  portion  of  the  beam  was  deflected  towards  a  pin-photodiode,  connected  to  a  Le-Croy 
oscilloscope.  The  solar  pumping  power  was  measured  calorimetrically  by  the  difference  of  the  laser  rod  coolant  at 
entrance  and  exit  of  the  cooling  jacket. 


Fig.  1.  The  passive  Q-switch  experimental  system 


Fig.2  The  passive  Q-switch  device,  which  served  also  as  rear  mirror 


3.  RESULTS 


Initial  experiments  have  been  conducted  with  a  4  mm  laser  rod,  emitting  50  watt  CW  power,  and  resulted  in  5  watt  Q- 
switched  power  in  180  ns  pulses  and  repetition  rate  of  1 1.9  to  13.6  kHz .  Later  experiments,  to  be  described  here  with 
more  details,  have  been  done  with  3  mm  laser  rod,  emitting  25  watts  in  CW  mode.  When  the  water  cooled  passive  Q- 
switch  was  introduced  into  the  laser  resonator,  replacing  the  high  reflecting  rear  mirror,  the  output  power  was  reduced 
to  9  watts,  indicating  a  switching  efficiency  of  36%.  The  laser  output  power  is  presented  in  Fig.3  as  function  of  the 
solar  pumping  power.  These  results  represent  a  slope  efficiency  of  1 .4%,  and  a  total  efficiency  of  0.7%. 

Taken  at  average  output  power  of  4  watts,  a  typical  train  of  pulses  manifested  average  repetition  rate  of  24kHz.  One  of 
the  pulses  is  depicted  in  Fig.4,  with  unequal  rise  and  fall  time,  and  pulsewidth  of  500  nsec.  Elevating  the  pump  power 
increased  the  repetition  rate  from  15kHz  near  threshold  to  40kHz  at  the  maximum  average  power,  and  decreased  the 
pulse  width,  as  found  by  Shimony  et  af.  Full  description  of  the  temporal  behavior  will  appear  elsewhere  . 


Fig.  3  Average  laser  power  vs  absorbed 
solar  power 


500nsec/Div 


Fig.  4  A  single  laser  pulse 
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4.  CONCLUSIONS 


The  measured  non-saturable  transmission  of  the  Cr'^^iYAG  was  72%,  corresponding  to  quite  high  saturated  absorption, 
which  have  not  been  measured.  Despite  the  resulting  large  thermal  loads  on  the  Cr^'^iYAG  crystal,  we  have  achieved 
up  to  9  watt  of  average  pulsed  power  without  any  breakdown  of  the  Q-switch.  Nevertheless,  the  high  saturated 
absorption  affected  the  switching  efficiency,  keeping  it  well  bellow  the  55%  switching  efficiency  measured  by 
Shimony  et  af  for  a  Q-switch  with  Fresnel  losses.  Shimony  et  af  predicted  up  to  87%  switching  efficiency  for  a  Q- 
switch  without  ffesnel  losses.  Similarly,  with  appropriate  doping  level  and  wafer  thickness,  we  expect  to  get  85-95% 
switching  efficiencies  with  future  models.  Moreover,  we  estimate  the  thermal  load  on  the  Q-switch  to  be  up  to  18 
watts,  due  to  laser  beam  absorption  and  thus  expect  a  water  cooled  Q-switch  with  decreased  saturable  absorption  to 
withstand  laser  power  in  the  hundred  watt  regime. 

An  important  feature  of  Cr^'*':YAG  Q-switch  is  having  the  same  host  as  the  laser  rod.  Following  that,  Aubert^  described 
a  microchip  laser  with  one  part  doped  with  Nd'^^  ions,  operating  as  the  active  laser  material,  while  the  other  portion 
doped  with  Cr  ions,  serving  as  a  Q-switch.  A  similar  design  might  be  also  applicable  for  solar  pumped  laser  with  a 
YAG  rod  of  several  mm  diameter. 

To  conclude,  solar  pumping  elevates  Q-switching  of  solid  state  lasers  to  power  levels  not  obtained  till  now  with  other 
pumping  schemes.  It  thus  demonstrated  the  potential  of  solar  pumped  lasers  as  platforms  for  development  of  high 
power  solid  state  laser  component,  and  as  candidates  to  various  terrestrial  and  space  applications. 
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ABSTRACT 

In  this  contribution  experimental  results  in  high-precision  processing  of  various  reflecting  metals  employed  in 
microelectronics  carried  out  with  a  10  W  copper  bromide  laser  are  presented. 

Keywords:  laser  CuBr,  high  precision  laser  machining 

1.  INTRODUCTION 

In  the  last  few  years  lasers  based  on  the  green  (5 10.6  nm)  and  yellow  (578.2  nm)  transitions  in  neutral  copper  have  matured 
into  the  most  efficient  direct  generators  of  visible  coherent  radiation  available  at  high  output  powers.'  Today  the  conventional 
copper  vapour  lasers  producing  100  W  average  output  power  at  5  kHz  pulse  recurrence  frequency  and  about  1%  efficiency 
are  at  the  laser  market.  However,  due  to  their  high  operating  temperatures  (1500-1600  degrees  C),  conventional  copper 
vapour  lasers  are  of  complex  construction,  require  flowing  gas  system,  and  have  long  warm-up  time  (90-120  minutes).  The 
copper  bromide  (CuBr)  laser  '  is  another  type  of  copper  laser,  which  does  not  exhibit  the  disadvantages  associated  with 
conventional  devices.  CuBr  lasers  have  been  demonstrated  to  have  high-efficiency  (2-3%)  and  high  specific  output  powers 
(0,1-1  Wcm'^).  There  is  no  other  type  of  laser  which  can  deliver  such  high  average  powers  in  the  visible  range  with  high 
efficiency  and  high  beam  quality. 


Fig.  1.  CuBr  laser  system  for  the  material  processing. 

At  present  introducing  the  copper  vapor  lasers  to  industry  is  in  its  initial  stage  although  the  properties  of  the  beam  of 
copper  vapour  laser,  such  as  the  coupling  of  the  laser  radiation  to  the  material  surfaces  and  ability  to  form  smaller  spot  sizes, 
are  suitable  for  the  materials  processing.  Among  hundreds  of  possible  applications  of  copper  lasers,  the  microprocessing  of 
materials  and  surface  diagnostics  in  electronics  is  of  high  interest. 

In  this  contribution  experimental  results  in  high-precision  processing  (cutting)  of  various  reflecting  metals  employed  in 
microelectronics  carried  out  with  a  10  W  copper  bromide  laser  are  presented.  Laser  cutting  of  the  computer  controlled 
patterns  in  stainless-steel  (thickness  of  50  pm),  brass  (thickness  of  150  pm)  and  copper  (thickness  of  70  pm)  was  made  and 
the  cut  quality  was  assessed. 
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2.  EXPERIMENTAL  SET-UP 

The  experimental  set-up  consists  of  a  10  W  CuBr  laser,  computer  controlled  XY  tables  (resolution  4pm,  speed  range 
0.1-8  mm  s"*),  optical  system  for  transmitting  and  focusing  the  laser  beam,  microscope  for  direct  observation  of  the  laser 
machining  process,  TV  system  for  observation  of  the  laser  machining  process  ,  microscope  (magnification  500)  for  inspection 
of  the  samples  after  the  machining.  Also  a  scanning  electron  microscope  (SEM)  is  available  for  this  purpose. 

The  CuBr  laser  consists  of  an  oscillator  formed  by  a  discharge  tube  placed  in  an  unstable  confocal  negative-branch 
resonator,  and  an  amplifier  (Fig.  1).  The  negative-branch  confocal  resonator  is  formed  by  mirrors  Mj  (R^  =  2400  mm)  and 

(R^  =  80, 40,  and  22  mm).  The  respective  magnification  are  30,  60  and  1 10.  The  oscillator  and  amplifier  discharge  tubes  with 

an  active  length  of  70  cm  have  bores  of  a  diameter  of  20  mm.  A  low-divergence  laser  been  generated  with  the  oscillator  is 
injected  via  mirrors  and  into  the  amplifier,  and  after  amplification  is  transmitted  with  a  mirror  M  and  lens  towards  the 

surface  of  working  piece.  After  the  amplification  the  laser  output  power  amounts  to  8-10  W.  The  laser  beam  diameter  is  about 
14  mm.  The  divergence  of  the  laser  beam  is  0.24,  0.15  and  0.12  mrad  when  the  mirror  of  a  curvature  of  R^  =  80,  40  and 

22  mm  is  used,  respectively.  The  beam  pulse  duration  is  about  40  ns  at  a  recurrence  fi-equency  of  about  1 8  kHz. 

Positioning  of  the  mirror  and  lens  is  controlled  with  microscrews.  A  mechanical  shutter  of  a  time  gate  range  of 

10'^  -  Is  is  used  to  switch  the  beam  onto  the  workpiece.  Using  an  achromatic  lens  of  an  F-number  of  2.5  (a  diffraction  limited 
spot  size  is  about  3.5  pm)  the  beam  quality  was  about  3  times  the  diffraction  limit. 

3.  CuBr  LASER  CUTTING 

Among  hundreds  of  possible  applications  of  CuBr  laser,  the  micromachining  of  materials  in  microelectronics  is  of  high 
interest.  This  experiment  was  aimed  at  assessing  the  CuBr  laser  application  to  the  production  of  metal  masks  (stencils)  for  the 
surface  mount  technology  in  microelectronics.  For  this  purpose  the  laser  cutting  was  made  in  a  stainless-steel  foil  having  other 
cuts  produced  by  etching  technology.  The  quality  of  both  cuts,  made  by  the  laser  and  etching,  was  compared.  For  comparison, 
also  the  CuBr  laser  cutting  were  performed  in  copper  and  brass  foils.  It  is  recognized  that  the  laser  drilling  and  cutting  in 
copper  and  brass  foils  is  more  difficult  than  in  steel  because  of  their  high  reflectivity. 

Laser  cutting  Chemical  one-side  etching 


a) 


b) 


Fig.  2.  Comparison  of  the  CuBr  laser  cut  and  chemical  one-side  etching  in  a  50pm  thick  stainless  steel  foil:  a)  Laser  cut  at  a 
speed  of  0.3  mm -s’*  (laser  entrance  side),  b)  Chemical  one-side  etching  (etching  side).  Laser  power:  2W. 
Achromatic  35mm-focus  lens.  Enlargement  of  the  SEM  photographs  150. 
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During  the  cutting  process,  the  CuBr  laser  power  was  set  at  2  W  (the  peak  laser  power  density  was  about  5-10  GW-cm"'  at 
the  focus).  The  cutting  speed  was  varied  from  0.3  to  lmm  s'‘.  It  enabled  obtaining  widths  of  the  cut  kerf  in  the  range  of 
10'^50  pm  on  the  bottom  side  depending  on  the  material  and  its  thickness. 

3.1  Cutting  in  a  50  jjm  thick  stainless-steel  foil 

In  Fig.  2  the  cuts  produced  by  CuBr  laser  and  chemical  one-side  etching  in  a  50  pm  thick  stainless-steel  foil  used  for  the 
production  of  metal  masks  in  microelectronics  are  compared.  The  comparison  shows  that: 

-  the  laser  cutting  produces  more  square  comers  than  the  chemical  etching  which  produces  usually  rounded  comers, 

-  in  the  laser  cut  the  so-called  striations  ^  were  found,  while  in  the  cut  produced  by  the  one-side  etching  the  bottom  of  the  edge 
is  less  etched  than  the  top  (the  etched-off  edge  is  tapered,  becoming  narrower  towards  the  edge  bottom), 

-  the  laser  cut  is  not  free  from  a  heat  affected  zone  (HAZ)  and  dross.  The  HAZ  in  the  cuts  made  with  a  lower  cut  speed  (e.g., 
0.3  mm  s  ')  is  more  pronounced  than  that  made  with  a  higher  speed  (e.g.  1  mm  s  '). 

3.2  Cutting  in  a  150  fim  thick  brass  foil 

Examples  of  the  CuBr  laser  cut  in  a  150  pm  thick  brass  foil  are  presented  in  Fig.  3.  It  is  seen  that: 

-  the  comers  produced  in  the  brass  foil  by  the  laser  cutting  are  square  and  not  rounded  as  with  chemical  etching  and  most 
other  thermal  cutting  techniques, 

-  the  cut  edges  are  relatively  smooth  and  clean, 

-  dross  is  almost  avoided, 

-  there  is  a  narrow  HAZ, 

-  striations  at  the  topside  of  the  edges  occurs  but  not  along  the  whole  depth  of  the  edges. 

3.3  Cutting  in  a70  fxm  thick  copper  foil 

Fig.  4  presents  examples  of  the  laser  cut  in  a  70  pm  copper  foil.  The  main  characteristics  of  the  cut  are  as  follows: 

-  the  corners  made  in  the  copper  foil  are  square, 

-  cut  edge  exhibits  striations  on  the  whole  its  depth, 

-  the  narrow  HAZ  is  more  district  than  in  the  case  of  brass  foil, 

-  dross  is  found  in  the  HAZ. 


Fig.  3.  SEM  photographs  of  the  CuBr  laser  cut  of  a  pattern  in  a  150pm  thick  brass  foil:  a)  Laser  entrance  side, 
SEM  enlargement  35;  b)  Laser  entrance  side,  SEM  enlargement  150.  Laser  power:  2W.  Achromatic  35mm-focus  lens. 
Cut  speed:  Imm  s’’. 


Fig.  4.  SEM  photographs  of  the  CuBr  laser  cut  of  a  pattern  in  a  70pm  thick  copper  foil:  a)  Laser  entrance  side, 
SEM  enlargement  35,  b)  Laser  entrance  side,  SEM  enlargement  150.  Laser  power:  2W.  Achromatic  35mm-focus  lens. 
Cut  speed:  lmm♦s"^ 


4.  CONCLUSIONS 

The  cutting  carried  out  with  a  relatively  low  power  (2  W)  CuBr  laser  in  several  materials:  stainless  steel,  brass  and  copper 
foils  indicated  the  potential  for  the  use  of  a  CuBr  laser  in  the  material  processing.  The  advantages  of  using  the  CuBr  laser  are: 

-  the  CuBr  laser  cutting  produces  more  square  comers  than  chemical  etching  or  other  thermal  cutting  techniques, 

-  the  laser  cuts  do  not  show  significant  taper, 

-  the  cuts  edges  are  relatively  smooth  and  clean,  in  particular  in  the  case  of  brass, 

-  in  the  case  of  brass,  dross  is  almost  avoided  and  the  HAZ  is  relatively  narrow. 

The  above  results  showed  that  the  CuBr  laser  is  able  to  process  reflecting  foils,  particularly  brass,  with  a  quality  which  is  of 
commercial  interest,  and  that  at  the  present  CuBr  laser  technology  state  the  CuBr  laser  can  be  competitive  to  the  conventional 
copper  vapour  laser  in  some  applications  where  a  laser  power  of  5'-20W  is  sufficient.  Among  possible  applications  of  the 
CuBr  laser  having  an  output  power  of  5-20  W,  the  micromachining  of  materials  in  microelectronics  is  of  high  interest.  For 
example,  the  metal  masks  (stencils)  for  the  surface  mount  technology  produced  by  us  using  the  CuBr  laser  showed  better 
roughness  of  the  inner  walls  of  the  cut-off  apertures  than  those  produced  by  etching  technology.  This  means  that  the  CuBr 
laser  technology  may  be  competitive  in  the  stencil  production  through  offering  environmentally  friendly  processing  of  precise 
print  masks. 
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1.  ABSTRACT 

Copper  Vapour  Lasers  in  a  MOPA-chain  (MOP A,  Master-Oscillator-Power- Amplifier)  configuration  with  low  divergence 
can  be  used  for  the  high  precision  machining  of  metals  and  ceramics.  The  fundamental  interaction  phenomena,  ablation  process 
and  possible  industrial  applications  are  presented.  The  following  paper  relates  the  results  and  experiences  in  the  operation  of  a 
Copper  Vapour  Laser  MOPA  Chain,  consisting  of  an  oscillator  and  up  to  three  amplifiers,  with  the  triggering  points  for  these 
lasers  exactly  variable  through  a  Master-Timing- System.  In  principle,  a  low-divergent  laser  beam  is  generated  (5 1 1  and  578nm 
wavelengths)  via  an  off-axis  unstable  resonator  scheme,  with  precise  synchronization  of  the  Amplifiers  producing  average  powers 
of  over  140W.  Due  to  the  excellent  beam  focusability,  peak  power  densities  of  some  10^°  W/cm^  are  achievable  in  a  50ns  pulse 
duration,  which  provides  almost  material-independent  precision  machining  at  high  velocities.  Beginning  from  the  principles  of 
beam-target  reciprocation,  the  removing  and  cutting  of  metallic  as  well  as  non-metallic  materials  with  copper  vapour  lasers  will 
be  described.  Additionally,  the  potential  of  copper  vapour  lasers  for  industrial  applications  is  illustrated  through  precision 
machining  examples. 

Keywords:  copper  vapour  laser,  materials  processing,  precision  machining,  cutting,  drilling,  master-oscillator-amplifier 

2.  THE  COPPER  VAPOUR  LASER  MOPA  CONFIGURATION 

In  materials  processing,  the  most  commonly  preferred  type  of  metal  vapour  laser  is  the  copper  vapour,  which  emits  at  5 1  Inm 
(green)  and  578nm  (yellow)  wavelengths,  and  provides  an  average  output  power  in  the  range  of  20W  to  200W  for  a  single  tube. 
With  typical  pulse  durations  of  20ns  to  80ns,  CVL's  can  be  operated  in  a  broad  range  of  mean  repetition  rates  between  2kHz  and 
32kHz. 


CVL-MOPA-chain 
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FWHM 

50  ns 
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up  to  700  kW 

0  -  6,5  (13)  kHz 

Pav 

up  to  230  W 

e 

140  ^rad 

average 

power 
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abs.  precision 

4  pm  (25mm) 
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Fig.  1:  Experimental  setup  of  the  Copper  Vapour  Laser  MOPA-Chain 

Near-diffraction-limited  laser  radiation  can  be  initiated  using  a  single  oscillator,  or  by  an  oscillator-amplifier  configuration. 
In  the  case  of  precision  micromachining,  high  average  powers  as  well  as  low  divergence  are  desired.  A  single  oscillator  tube  will 
exhibit  different  beam  properties  depending  on  the  resonator  configuration  employed.  A  maximum  efficiency  (typically  1%)  can 
be  obtained  with  a  plane-plane  resonator  arrangement,  but  then  the  beam  divergencies  are  often  too  high  for  applications  in 
precision  materials  processing.  Resonator  concepts  to  generate  considerably  lower  divergent  beams  (such  as  the  unstable  off-axis 
resonator,  SPUR,  etc.)  have  been  developed  over  the  last  decade.  However,  there  are  limitations  in  that  high  output  power  as  well 
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as  laser  efficiencies  (0.2-0.8%)  are  quite  poor.  A  solution  to  this  problem  is  to  generate  these  low-divergent  laser  pulses  in  an 
oscillator  with  small  output  powers  (1-5W),  but  of  superior  beam  quality,  and  to  amplify  these  pulses  in  one  or  more  higher- 
powered  laser  tubes.  The  total  efficiency  of  this  design  will  be  comparable  to  that  of  the  plane-plane  resonator  as  the  power 
consumption  of  the  oscillator  is  low  compared  to  that  of  the  amplifiers. 

The  experiments  and  results  for  this  paper  were  obtained  with  a  setup  of  one  Oscillator,  with  an  unstable  off-axis  resonator, 
and  up  to  three  Amplifiers.  The  maximum  average  power  of  the  system  is  about  HOW  at  a  repetition  rate  of  6,5kHz.  By  using 
suitable  apertures  and  a  beam  expansion  unit,  a  low-divergent,  2-times-diffraction-limited  laser  radiation  with  3 W  average  power 
is  generated.  The  beam  is  then  amplified  in  the  following  stages  (Figure  1)  without  any  degradation  to  the  overall  beam  quality. 
Due  to  the  short  gain  period  (80- 100ns)  of  the  excited  copper  species,  the  exact  synchronization  of  these  CVLs  is  essential.  The 
Master-Timing-System  (MTS)  provides  the  synchronous  triggering  of  the  individual  laser  tubes  and  compensates  for  any  internal 
timing  drifts  as  weU.  The  MTS  is  also  able  to  synchronize  as  many  lasers  as  desired,  with  the  ability  of  being  able  to  even  combine 
the  use  of  different  laser  types  in  a  single  chain. 

The  copper  vapour  laser  has  a  predictable  chronological  sequence,  which  is  characterized  by  transmission,  amplification, 
absorption  and  again  transmission.  This  unique  property,  which  is  not  available  fi-om  any  other  laser  type,  can  be  specially  used 
for  materials  processing.  By  varying  the  timing  pattern  of  the  oscillator-amplifier  arrangement,  the  output  power,  divergency,  as 
well  as,  the  pulse  shape  is  modifiable  from  one  pulse  to  the  other  \  This  specific  amplification  curve  of  the  copper  vapour  has  led 
to  the  realization  of  a  delay-free  shutter  for  the  existing  CVL  MOPA  Chain.  For  this  task,  the  synchronization  module  of  the  last 
Amplifier  has  a  newly-developed  electronic  circuit,  which  provides  the  probability  of  shifting  the  triggering  point  between  two 
pulses  from  the  states  of  amplification  to  absorption,  and  vice  versa.  Therefore,  the  modulation  of  the  repetition  rate  and  single 
pulse  processing  is  possible  without  any  changes  to  the  laser  pulse  properties  I 

3.  DRILLING  OF  MATERIALS 

3.1  Fundamentals 

The  fundamental  investigations  have  shown  that  the  maximum  drilling  depth  obtained  by  a  single  CVL  pulse  of  50ns  FWHM  in 
metals  is  indirectly  proportional  to  the  binding  energy  or  the  shear  modulus  of  the  irradiated  material.  For  example,  100  pm  deep 
drill  holes  are  achievable  in  aluminium  with  intensities  above  10’^  W/cm^  in  a  single  pulse.  Theoretical  considerations  yield  to 
a  model  of  the  materials  removal  process,  which  is  characterized  by  the  temporal  sequence  of  heating,  non-stationaiy  drilling  and 
stationary  drilling  with  a  constant  drilling  speed  ^  The  experimental  proof  of  this  removal  behaviour  has  been  attained  by 
measuring  the  time  necessary  to  drill  through  aluminium  foils  of  thicknesses  between  0.8  and  75  microns  with  a  single  pulse. 
Figure  2  shows  the  drilling  times  measured  for  different  foils  at  a  pulse  power  of  120  kW  and  the  drilling  speeds  calculated  from 
this.  At  10  ns  after  the  initiation  of  the  laser  pulse,  stationary  drilling  with  1500  m/s  takes  place.  A  comparison  of  drilling  speeds 
with  single  laser  pulses  of  different  pulse  powers  shows  clearly  that  there  is  no  increase  in  the  speed  of  the  stationary  drilling 
above  40  kW  (Fig.  3).  This  saturation,  however,  is  not  due  to  the  shielding  effects  of  the  laser  induced  air  plasma,  as  can  be  seen 
by  measurements  under  vacuum  conditions,  but  has  to  be  considered  as  the  highest  possible  drilling  speed.  This,  however,  is 
limited  to  the  speed  of  sound  in  the  material  drilled,  which  is  strongly  dependent  on  the  state  of  the  material  (solid,  liquid  or 

foil  thickness  s  [pm]  av.  drilling  speed  v  [km/s]  or  [/L/m/ns] 


time  t  after  pulse  beginning  [ns] 

Fig.  2;  Influence  of  the  pulse  power  on  the  stationaiy  drilling  speed  in  aluminium 


gaseous)  at  the  drill  hole  bottom  during  the  irradiation.  The  drilling  depth  achievable  by  a  single  CVL  pulse  is  not  only  due  to  the 
above  mentioned  physical  properties  of  the  various  metals,  but  is  also  dependent  on  specific  properties  in  the  same  material.  To 
clarify  this,  we  have  investigated  the  influence  of  the  sample  temperature,  the  orientation  of  the  irradiated  grains,  as  well  as,  the 
influence  of  the  microstructure  in  differently  heat-treated  steel. 

3.2  Influence  of  the  power  density 

The  drilling  process  can  be  sub-divided  into  two  elementary  processes;  the  thermal  phase  (heating,  melting,  evaporation) 
and  the  removal  /  discharge  phase  (ejection  of  the  material  from  the  drill  hole  bottom).  For  a  single  pulse,  the  removal  is  the 
determining  factor.  A  problem,  however,  emerges  when  machining  deep  drill  holes  using  the  percussion  method.  In  this  case,  a 
certain  amount  of  material  ablated  at  the  bottom  is  unable  to  leave  the  drill  hole  and,  therefore,  recondenses  onto  the  walls.  For 
single  pulse  processing  of  copper.  Figure  3  demonstrates  the  influence  of  the  power  density  on  the  removal  rate.  The  power 
density  is  calculated  fi-om  the  pulse  fiill-width-half-maximum  (50ns),  pulse  power  and  an  experimentally  measured  focal  diameter 
of  30pm.  The  shape  of  the  curve,  also  observed  with  other  short  pulsed  lasers  \  is  represented  by  low  removal  rates  at  low 
intensities  (less  than  10  ’  W/cm  ^),  a  strong  increase  at  medium  power  densities  (10’  up  to  10’“  W/cnf  )  and  the  beginning  of 
saturation  at  intensities  above  10’°  W/cml  This  saturation  is  not  due  to  the  onset  of  a  plasma  shielding  effect,  but  is  more  likely 
the  result  of  the  maximum  possible  speed  of  the  ejected  metal  vapour  outside  the  drill  hole.  The  maximum  removal  for  a  single 
laser  pulse  on  copper  with  a  power  density  of  4  x  1 0  W/cm  ^  is  about  55  pm.  A  top  view  into  the  drill  hole  illustrates  the  pulse 
removal  process,  which  leads  to  a  flake-shaped  formation  of  the  walls. 

Drilling  depth  [pm]  Drill  hole  diameter  [pm] 
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Fig.  3:  Influence  of  the  power  density  on  single  pulse  drilling 


33  Influence  of  the  material 

33.1  Metals 

Besides  the  influence  of  focusing  conditions,  the  maximum  processing  speeds  which  are  attainable  for  the  CVL  drilling  of 
metals  also  depend  on  the  actual  physical  properties  of  the  irradiated  materials  themselves.  A  single  pulse  with  a  pulse  power  of 
129kW  in  aluminium  produces  a  crater  of  80fim  depth.  A  comparison  of  all  the  materials  experimentally  investigated  here 
demonstrates  that  metals  with  a  body-centered  cubic  (bcc)  structure  will  generally  show  a  lower  removal  rate  than  face-centered 
cubic  (fee)  or  hexagonal  metals. 

33.2  Ceramics 

In  contrast  to  metals,  irradiating  ceramics  with  CVL  pulses  will  result  in  a  completely  different  removal  behaviour,  as  tlie 
high  removal  rates  in  a  single  pulse  due  to  the  physical  and  reological  properties  are  not  achievable.  Increasing  the  numbers  of 
pulses  will  also  lead  to  an  almost  linear  increase  in  the  drilling  depth,  with  a  materials  dependency  showing  higher  removal  rates 
for  AI2O3  and  SiC  than  for  S%N4.  Compared  to  metallic  materials  (e.g.  copper  250pm  thick:  47mm/s  with  54kW  pulse  power), 
a  distinctly  lower  drilling  speed  is  observed  (AI2O3  250pm  thick:  5mm/s  with  55kW  pulse  power). 
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3.23  Glass 

The  suitability  of  the  copper  vapour  laser  for  the  damage-free  drilling  of  glass  has  been  reported  earlier  ^  The  critical 
condition  that  determines  the  possibihty  and  also  the  quality  of  a  laser  drill  hole  in  transparent  materials  is  the  power  density  of 
the  laser  pulses.  Due  to  the  high  transparency  of  glass  for  visible  light,  a  specific  threshold  has  to  be  exceeded  for  each  type  of 
glass  to  achieve  an  optical  breakdown,  which  precedes  the  drilling  process.  Experimental  investigations  have  shown  that  the 
intensity  threshold  for  pure  quartz  glass  is  about  2x10’  W/cml  With  increasing  concentration  of  network  transformers,  metallic 
impurities  and  combined  water  molecules,  this  threshold  will  decrease.  To  establish  a  non-linear  absorption  of  the  laser  light,  it 
is  necessaiy  to  generate  defects  (e.g,  colour  centres)  within  the  first  laser  pulses.  However,  the  working  range  of  the  power  density 
has  an  upper  limit;  any  additional  increases  in  the  lasing  pulse  intensity  after  a  certain  period  will  simply  inhibit  the  drilling 
process  due  to  themial  damage  at  the  beam  entrance  side.  Using  optimized  parameters,  aspect  ratios  of  up  to  25 0: 1  are  achievable. 

4.  CUTTING  OF  MATERIALS 

Materials  sublimation  cutting  with  CVLs  can  be  interpreted  as  drilling  with  a  relative  motion  either  of  the  laser  beam  or  the 
working  piece.  Therefore,  principle  results  obtained  from  experimental  investigations  of  drilling,  i.e,  concerning  the  focusing 
conditions,  the  materials  dependancy  or  the  influence  of  the  repetition  rate,  can  be  transferred  to  laser  beam  cutting  experiments. 
The  quality  of  the  cut,  however,  will  depend  on  the  preciseness  of  the  beam  handling  system  and  also  on  the  effect  of  the  laser 
parameters.  The  main  criterion  for  the  cutting  quality  of  precision  micromachining  lies  within  the  cut  width,  size  of  material 
damage  (thermal,  mechanical  and  chemical),  parallelity,  as  well  as,  the  roughness  of  the  cut  kerf.  Processing  techniques  can  be 
differentiated  into  cuts  with  only  a  single  forward  motion  and  those  with  a  repetitive  cut  of  the  same  contour.  Generally,  the  latter 
method  will  provide  higher  cutting  speeds  as  well  as  an  increase  in  the  cut  kerf  roughness  \  Due  to  its  diminutive  focal  diameter, 
the  copper  vapour  laser  is  an  excellent  tool  for  precision  micro-cutting. 

5.  POSSIBLE  INDUSTRIAL  APPLICATIONS 

The  copper  vapour  laser  is,  due  to  its  excellent  focusability  and  high  initial  absorptivity  in  almost  all  materials,  a  very 
suitable  tool  for  a  variety  of  processing  tasks  in  engineering  and  technology.  Applications  such  as  in  illumination  sources  (laser 
light  profiling,  stroboscope)  and  also  in  medical  areas  (removing  or  cutting  of  human  tissue  or  skin)  have  been  well-established. 
An  expansion  to  machining  tasks  in  materials  processing  will  unlock,  however,  a  much  larger  market  potential  for  this  laser  type 
in  an  oscillator-amplifier  arrangement,  with  possible  areas  of  application  being  differentiated  into  drilling,  cutting,  removing,  as 
well  as,  combinations  of  laser-supported  and  conventional  techniques.  For  materials  processing  of  the  drilling  variety,  the 
fabrication  of  nozzles  can  be  one  of  the  major  applications  which  has  up  to  now  not  been  adequately  solved  using  other  laser 
processing  techniques.  In  the  manufacturing  of  these  drill  holes  of  ^m-region  diameters,  the  paradoxon  increasing  both  the 
processing  speed  and  the  precision  can  be  solved  combining  excellent  beam  quality  and  high  average  power  of  the  CVL. 

As  for  applications  in  materials  cutting,  the  fields  of  electronics  and  fine  mechanics  offer  great  promise.  As  typical  examples 
ofthe  former,  the  cutting  of  protyotypes  of  lead  frames  and  semiconductor  chips  has  to  be  noted.  Employment  of  CVL  processing 
in  the  field  of  classical  fine  mechanics  can  be  implemented  in  the  cutting  of  wires  or  in  the  manufacmre  of  precision  components. 

Processing  methods  for  the  superficial  removal  of  material  can  be  divided  into  plane  machining  (paint  stripping,  removal 
of  hard  coating  on  working  tools)  and  surface  modification  techniques.  Even  in  the  latter  case,  the  higli  pulse  repetition  rate  ofthe 
CVL  will  lead  to  high  processing  speeds.  Due  to  the  fact  that  the  processing  speed  diminishes  with  increasing  sheet  thickness,  a 
combination  of  laser-supported  and  conventional  teclmiques  may  be  necessary  for  some  applications  to  achieve  economical 
production  costs.  So,  for  example,  laser  beam  perforating  or  scratching  of  working  pieces  may  be  followed  by  a  fracture 
technique.  This  method,  however,  is  limited  to  brittle  metals  (e.g.  body-centered  cubic  metals)  or  ceramic  materials. 
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ABSTRACT 

A  small-bore  (12.5  mm)  hybrid  laser  delivers  its  highest  average  output  power  for  a  gas  flow  rate  of  around  1 
litre.atm.hr'^  and  an  HBr  pressure  of  2-4  torr  in  34  torr  Ne.  It  is  estimated  that  the  atomic  bromine  pressure  at  the 
wall  is  ~2  mtorr.  The  number  density  of  copper  in  atomic  and  molecular  forms  averaged  throughout  the  tube  is  4 
X  10^^  cm‘^.  Significant  numbers  of  CujBrx  polymers  and  CuH  must  exist  in  the  laser  discharge  to  lock  up  the 
large  pool  of  copper  atoms  in  the  discharge.  The  copper  hybrid  laser  produced  an  average  output  power  of 
12.8  W,  corresponding  to  a  specific  average  ou^ut  power  of  348  mW.cm"^,  at  a  PRF  of  35  kHz. 

Keywords:  copper  lasers,  hybrid  lasers,  metal  seeding,  high  power,  visible,  efficient 

INTRODUCTION 

The  copper  hybrid  (hydrogen  Jjromide  in  discharge)  laser  is  the  highest  efficiency,  high-power  visible  laser  source 
to  be  demonstrated  [1].  It  lases  on  the  well  known  510.6  and  578.2  nm  pulsed  transitions  of  atomic  copper.  A 
large-bore  (6  cm)  copper  hybrid  laser  has  produced  an  average  output  power  of  201  W  at  an  efficiency  (based  on 
stored  energy)  of  just  under  2%,  and  120  W  at  an  efficiency  of  3.2%  [2].  It  is  believed  that  HBr  is  the  species 
responsible  for  the  higher  ^y  2-3  times)  efficiencies  and  larger  (by  a  factor  of  2)  specific  average  output  powers 
of  hybrid  lasers  compared  to  conventional  copper  v^ur  lasers  (CVLs)  [3]. 

As  well  as  improving  the  kinetics  of  laser  generation,  HBr  additive  in  a  copper  hybrid  laser  controls  the 
density  of  free  copper  atoms  in  the  discharge.  A  slow  flow  of  Ne-HBr  buffer  gas  is  passed  through  the  laser  tube, 
along  the  discharge  channel  of  which  are  placed  copper  metal  pieces.  The  laser  tube  wall  is  self-heated  to  600- 
800°C  by  the  multi-kilohertz  PRF  discharge.  The  halogen  donor  molecules  are  dissociated  in  the  pulsed  discharge, 
and  the  products  react  with  the  copper  surfaces  to  produce  gaseous  CuBr.  The  CuBr  molecules  polymerize  [4]  to 
CusBrs  and  Cu4Br4  and  diffuse  into  the  discharge.  In  the  body  of  the  pulsed  discharge,  the  copper  bromide 
molecules  are  dissociated  by  electron  collision  and  hydrogen  reduction  to  yield  the  free  copper  atoms. 

The  purpose  of  this  present  paper  is  to  present  preliminary  results  of  a  study  of  the  metal  seeding  mechanism 
in  a  copper  hybrid  laser.  The  discussion  does  not  apply  to  high-temperature  CVLs  to  which  HBr  has  been  added. 

EXPERIMENTAL  DETAILS 

The  copper  hybrid  laser  studied  was  identical  to  that  described  in  [5].  Briefly,  the  active  zone  was  confined  within 
a  12.5  mm  bore,  30  cm  long  alumina  ceramic  discharge  tube.  The  alumina  tube  was  sleeved  within  a  fused  silica 
tube,  which  was  sealed  to  metal  end-flanges  by  Viton  O  rings.  The  electrodes  were  cylinders  of  molybdenum  or 
stainless  steel,  and  were  push-fitted  into  the  endflanges  so  as  to  projert  up  to  each  end  of  the  alumina  tube.  The 
tube  was  drrqred  with  a  light  insulation  so  that  the  outside  (quartz)  wall  temperature  was  550-650°C.  A  plane- 
parallel  resonator  was  used.  Ne  buffer  gas  and  HBr  additive  were  mixed  via  needle  valves  before  entering  the 
laser  tube  at  the  anode  end.  The  gases  were  exhausted  downstream  of  the  cathode  via  a  halogen  filter  and  a  rotary 
vacuum  pump.  A  standard  peaking  circuit  with  resonant  charging  was  used  to  excite  the  laser,  with  storage  and 
peaking  capacitances  of  0.66  nF/0.33  nF  (measured  at  working  temperature).  The  optimum  gas  pressure  was  38- 
90  torr  (2-4  torr  HBr)  for  a  gas  flow  rate  of  0.8  litre.atm.hr i.  An  output  power  of  12.8  W  was  obtained  at  35  kHz 
PRF,  and  the  charging  voltage  was  11  kV;  this  output  power  corresponds  to  a  record  specific  average  output 
power  of  348  mW.cm'^  for  copper  lasers  of  >12.5  mm  bore. 

CURRENT  UNDERSTANDING  OF  THE  METAL  SEEDING  PROCESS 
The  processes  that  control  the  copper  bromide  vapour  density  are  similar  to  those  exploited  in  the  well-known 
‘hot-filament’  process  of  metal  purification  [6].  In  the  copper  hybrid  laser,  the  ‘plasma’  process  is  cyclical  in  the 
same  way  as  the  hot  filament  process  is.  The  only  difference  between  the  two  processes  is  that  dissociation  of  the 
halide  does  not  take  place  at  the  surface  of  a  filament,  but  in  the  non-localized  plasma  of  the  gas  discharge. 

The  reaction  to  remove  copper  from  the  pieces  proceeds  by  the  action  and/or  mediation  of  an  active  species 
firom  the  discharge,  most  probably  atomic  bromine,  e.g. 

Cu  (solid)  +  Br  -4  CuBr  (vapour). 
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In  the  reaction  of  solid  copper  with  HCl  vapour,  CU3CI3  trimers  are  present  above  the  metal  smface  in  a  greater 
number  than  CuCl  molecules  [7].  The  bromide  is  also  known  to  exist  mainly  as  polymers  [6],  and  such  polymers 
have  been  found  in  a  hybrid  laser  [4],  Therefore,  polymerization  of  CuBr  must  occur  above  the  copper  pieces: 


Cux-iBr^.i  +  CuBr  +  M  — >  Cu^Br^  +  M . . . 


Copper  bromide  molecules  will  diffuse  towards  the  centre  of  the  tube.  In  the  discharge,  gas-phase 
depolymerization  and  copper  atom  liberation  occurs  by  electron  impact  and  hydrogen  reduction: 

e  +  CuxBr,  — >  Cuv.iBr, .1  -1-  e  -i-  CuBr 
e  -H  CuBr  -4  Cu  -1-  Br  +  e 
e  +  CuBr  ->  Cu  +  Br" 

CuxBrx  H  — >  Cux-iBrx-i  +  Cu  +  HBr,  etc. 

The  halide  molecules  lost  by  dissociation  are  replaced  by  molecules  diffusing  from  the  wall,  which  deliver 
further  copper  atoms  to  the  discharge.  The  density  of  copper  atoms  in  the  discharge  is  elevated  above  what  wotild 
have  been  available,  had  the  copper  only  been  sourced  as  solid  halide,  as  the  numbers  of  halogen  atoms,  which 
transport  copper  atoms  into  the  discharge,  are  larger  (by  an  order  of  magnitude)  in  a  hybrid  laser.  (There  is  2-4 
torr  added  HBr  in  a  hybrid  laser  compared  with  -0.3  torr  CuBr  vapour  in  a  conventional  halide  laser  [8].) 
Therefore,  the  specific  output  pulse  energy  can  also  be  higher  in  a  hybrid  laser  than  in  a  halide  laser. 

Free  copper  atoms  are  also  reduced  in  number  between  excitation  pulses  of  the  discharge  channel  by 
reassociation  with  bromine  to  the  monomer  and  polymeric  forms  of  copper  bromide,  and  by  diffusion  to  the  wall 
of  the  tube.  The  copper  bromide  molecules  can  be  removed  from  the  gaseous  phase  on  the  copper  surface  (or  any 
hot  surface)  by  thermal  dissociation 


CuxBrx(g)  Cu(s)  +  Cux-iBrx.i(g)  +  Br(g),  x=l,2,3,4, . . . 
and  by  hydrogen  reduction 

CuxBrx(g)  -t-  H(orH2)(g)->  Cu(s)  +  Cux-iBrx.i(g)  +  HBr(g)  -h  (H(g)),  x=l,2,3,4, . . . 


RESULTS  AND  DISCUSSION 

The  laser  tube  was  loaded  with  copper  in  various  configurations.  In  the  first,  12  copper  pieces  5  mm  x  10  mm  x 
0.25  mm  were  placed  in  pairs  at  intervals  of  5  cm  along  the  floor  of  the  30  cm  long  alumina  discharge  tube.  In  the 
other  configurations,  the  copper  metal  was  placed  in  the  alumina  tube  at  the  upstream  end,  immediately  adjacent 
to  the  anode.  The  isolated  copper  sources  took  the  form  of  cylinders  of  0.25  mm  thick  copper  sheet,  which  were 
close  fits  within  the  alumina  tube.  Cylindrical  copper  sources  of  1  mm,  2  mm,  5  mm,  10  mm  and  20  mm  length 
were  used.  For  each  of  the  copper  source  configmations,  the  average  output  power  of  the  laser  was  measured  as  a 
function  of  buffer-gas  flow  rate.  The  buffer  gas  pressure  was  maintained  at  38  torr  during  the  experiments. 


1  nun  long  copper  cylinder 

2  nun  loi%  copper  cylinder 
10  mm  lor^  copper  cylinder 
20  mm  long  copper  cybndsr 
Distnbu led  copper  piecci 


2  4  6  8 

Buffer  gas  flow  rate  (litre.atm/far) 


Fig.  1.  Output  power  versus  buffer-gas  flow  rate.  Fig.  2.  Optimum  HBr  pressure  versus  buffer-gas  flow  rate. 
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In  Fig.  1  it  can  be  seen  that  the  dependence  of  average  output  power  on  gas  flow  rate  can  be  fitted  with  a 
single  curve.  This  means  that  there  is  no  difference  in  the  performance  of  a  laser  which  has  copper  piecK  evenly 
distributed  along  the  discharge  channel,  and  one  where  the  copper  is  placed  on  the  upstream  side  of  the  discharge. 
Furthermore,  a  ring  of  copper  just  1  mm  thick  is  sufficient  to  supply  the  discharge  with  copper  bromide.  For  the 
12.5  mm  bore,  30  cm  long  discharge  tube,  an  output  power  of  7-8  W  was  obtained  for  a  flow  rate  of  ~1 
litre.atm.hr'^  The  corresponding  HBr  partial  pressures  for  maximum  output  power  at  each  flow  rate  are  plotted  in 
Fig.  2.  At  low  flow  rates,  the  required  HBr  pressure  is  -5  torr  (corresponding  to  14%  of  the  gas  mixture),  and  the 
output  power  is  low.  At  1  litre.atm.hri  flow  rate,  only  3  torr  HBr  is  necessary  for  maximum  output  power.  At 
higher  flow  rates,  the  output  power  falls  again,  as  does  the  HBr  pressure  for  maximum  output  power  at  each  flow 
rate.  The  mayimnm  HBr  pressure  at  the  high  flow  rates  was  marked  by  the  onset  of  discharge  instabilities.  At  8 
Utre.atm.hr-1,  only  -0.5  torr  HBr  could  be  tolerated,  and  the  output  power  reached  only  4-5  W. 

The  behaviour  in  Figs  1  and  2  can  be  explained  as  follows.  At  flow  rates  above  3  litre.atm.hr  i,  the  gas 
temperature  can  fall  and  copper  bromide  vapour  can  condense  in  the  active  volume,  leading  to  discharge 
instabilities  and  non-uniformities,  lower  output  power  and  the  tendency  to  tolerate  less  HBr.  At  the  highest  flow 
rates,  it  is  likely  that  turbulence  was  induced  in  the  tube,  leading  to  the  largest  spread  in  output  powers.  At  the 
optimum  flow  rate  of  1  litre.atm.hr'i,  the  volume  of  the  active  volume  is  replaced  every  9  seconds.  At  the  lowest 
flow  rates,  the  output  power  falls,  probably  because  of  loss  of  CuBr  by  diffusion  against  the  gas  flow  into  the 
tube,  with  a  subsequent  loss  of  CuBr  by  condensation  upstream  of  the  anode.  The  formation  of  deposits  of  copper 
bromide  near  the  anode  was  noted  for  the  lowest  flow  rates. 

We  checked  how  sensitive  the  laser  parameters  were  to  the  tube  wall  temperature.  The  laser  tube  was  wrapped 
with  heavy  thermal  insulation,  switched  on,  and  set  to  10  kV  charging  voltage  and  35  kHz  PRF,  with  a  gas  flow 
rate  of  -1  litre.atm.hr'^  When  the  outside  wall  temperature  reached  440°C,  3  torr  HBr  was  added.  Lasing  began 
immediately,  and  reached  a  maximum  of  1 1  W  at  500°C,  where  the  power  remained  (dbO.5  W)  up  to  the 
temperature  of  850°C  some  15-20  min.  later.  We  conclude  that  the  copper  bromide  equilibrium  pressure  above  the 
copper  surfaces  and  the  laser  generation  processes  are  independent  of  outside  tube  temperature  in  the  range  500- 
850°C  (inside  temperature  is  100°  higher).  Thus,  the  flow  rate  dependence  of  output  power  is  related  to  changes  in 
copper  entrainment  (low  flows)  and  gas  temperature  (high  flows),  rather  than  tube  temperature. 

It  was  found  that  the  copper  source  need  only  be  placed  at  the  upstream  end  of  the  discharge  tube  for  proper 
laser  operation.  The  12  pieces  of  copper  were  weighed  before  and  after  operating  the  laser  for  a  period  of  185 
min.  The  buffer  gas  flow  rate  was0.851itre.atm.hri,  the  HBr  pressure  was  3  torr  (set  for  maximum  output  power), 
the  charging  voltage  was  10  kV  and  the  PRF  was  20  kHz.  The  weights  of  the  6  pairs  of  copper  pieces  are  given  in 
Fig.  3  as  functions  of  position  in  the  laser  tube,  before  and  after  the  185  min.  period.  It  is  seen  that  the  first  pair  of 
copper  pieces  was  entirely  consumed  in  the  seeding  reactions.  Some  of  the  consumed  copper  was  deposited  near 
the  cathode.  The  balance  of  the  copper  was  lost  as  copper  bromide  in  the  laser  end-flanges. 
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Fig.  3.  Distribution  of  copper  in  laser  tube.  Fig.  4.  Changes  in  copper  distribution  under  the 

before  and  after  185  min.  operation.  same  conditions  as  in  Fig.  3. 

To  further  quantify  the  rate  of  reaction  of  copper  with  HBr  and  its  dissociation  products,  we  determined  how 
much  copper  was  spent  in  the  laser  tube,  when  it  was  fitted  with  a  10  mm  long  cylindrical  copper  source  near  the 
anode.  A  weight  of  0.21  g  copper  was  consumed  in  132  min.  when  the  flow  rate  was  0.85  litre.atm.hri,  the  total 
gas  pressure  was  38  torr,  and  the  HBr  partial  pressure  was  4  torr.  We  find  that  the  rate  of  removal  of  copper  atoms 
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was  6.2  X  1016  cm-2.s-i.  Assuming  every  third  collision  of  a  Br  atom  leads  to  a  CuBr  molecule,  we  calculate  that 
the  number  density  of  atomic  bromine  must  be  2  x  IQi^  cm-3,  or  just  2  mtorr. 

Because  of  diffusion  losses  of  copper  in  the  form  of  copper  bromide  into  the  anode  region,  where  deposition 
occurred,  we  were  not  able  to  obtain  an  accurate  value  for  copper  density  in  the  laser  tube.  If  we  assume  that  half 
the  copper  generated  by  reaction  at  the  copper  piece  is  immediately  lost  from  the  tube  due  to  diffusion  against  the 
slow  gas  flow,  we  can  calculate  that  the  number  density  of  copper  (in  atomic/molecular  form)  averaged  radially  is 
4  X  1016  cm-3.  Such  a  large  number  of  copper  atoms  can  only  exist  if  a  significant  amount  of  the  copper  is 
locked  up  as  CuxBr*  polymers  in  the  discharge  with  x  being  weighted  between  3  and  4,  as  suggested  by  the  results 
of  [9].  This  supports  the  view  that  the  CuBr  monomers  polymerize  very  quickly  above  the  copper  pieces. 

Knowing  that  HBr  was  added  to  the  tube  at  a  partial  pressure  of  4  torr,  we  can  place  an  upper  limit  on  the 
radially  averaged  number  density  of  Cu^Br^  polymers  of  6  x  IQi^  cm-3  which,  for  x  =  3.5,  can  only  account  for 
around  half  the  copper  atoms  in  the  tube.  We  hold  that  the  balance  of  copper  atoms  are  present  as  free  atoms  and 
in  CuH  molecules,  which  are  relatively  stable  (dissociation  energy  of  2.73  eV  [10]). 

The  axial  density  of  Cu  atoms  in  a  25  mm  bore  hybrid  laser  was  measured  as  9.4  x  10^'*  cm-3  [uj  ^ 
ratio  of  specific  average  output  pulse  energies  between  the  12.5  mm  and  25  mm  bore  lasers  is  ~2  [1],  we  assume 
that  the  average  number  density  of  Cu  atoms  in  the  12.5  mm  bore  laser  is  ~  2  times  higher  than  in  the  25  mm  bore 
laser.  We  can  therefore  expect  copper  in  atomic  form  at  an  average  density  of  the  order  of  4  x  10^6  gnj-s 

We  shall  estimate  the  number  densities  of  Cua.sBrs  s  polymers,  CuH,  Cu  and  HBr  in  the  tube.  We  know  that 
2.1  X  10^6  cm-3  of  HBr  was  added  to  the  tube,  and  assume  that  the  average  Cu  density  is  4  x  IQi^  cm-3.  jhen, 
assuming  also  that  the  densities  of  Br,  H  and  Br2  can  be  neglected  (the  first  two  are  highly  reactive  and  the  last  is 
unstable),  and  that  the  HBr  density  is  equal  to  the  H2  density,  we  find  from  equations  of  atom  conservation  that 
the  following  number  densities  (radial  averages)  are  consistent  with  the  data:  1.3  x  10^6  cm-3  (HBr),  1.3  x  10^6 
cm-3  (H2),  4  X  1015  cm-3  (Cu),  5.6  x  10i5  cm-3  (Cus.sBrs  s)  and  1.7  x  IOI6  cm-3  (CuH).  It  is  evident  that  there 
must  be  significant  number  densities  of  both  Cu3.5Br3.5  and  CuH  in  the  discharge  of  our  copper  hybrid  laser. 

CONCLUSIONS 

The  highest  average  output  powers  in  a  12.5  mm  bore  hybrid  laser  are  obtained  for  a  gas  flow  rate  of  around  1 
Iitre.atm.hr-1  and  an  HBr  pressure  of  3-4  torr  in  34  torr  Ne.  It  is  estimated  that  the  Brpressure  needednear  the  wall 
to  account  for  the  observed  copper  metal  removal  rate  is  -2  mtorr;  the  number  density  of  copper  in  atomic  and 
molecular  forms  averaged  throughout  the  tube  is  4  x  I0I6  cm-3.  Significant  numbers  of  CuxBr*  polymers  and 
CuH  must  exist  in  the  laser  discharge  to  account  for  the  large  pool  of  copper  atoms  that  exists  in  the  active  zone. 
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ABSTRACT 

An  experimental  investigation  was  made  of  the  parameters  of  lasing  as  a  result  of  atomic  transitions  in  xenon  observed 
when  Ar-Xe  and  He-Ar-Xe  mixtures  were  excited  by  an  electron  beam  in  a  laser  chamber  with  an  active  volume  of  -  600  litters. 
Electron  beam  from  six  double  acceleration  diodes  were  injected  axially  symmetric  into  this  chamber.  This  ensured  a  more 
efficient  utilization  of  the  pump  energy  and  a  uniform  distribution  of  the  laser  radiation  energy  over  a  transverse  exit  aperture  in 
the  maximum  specific  input  energies.  An  output  radiation  energy  of  the  order  of  100  J  was  generated  with  an  efficiency  of  about 
2%  at  X-  1.73  pm  and  of  the  order  of  50  J  with  an  efficiency  of  about  1%  at  X  —  2.03  pm.  An  analysis  was  made  of  the 
experimental  results  and  of  criteria  for  the  optimization  of  the  pump  parameters  in  order  to  improve  the  output  characteristics 
of  a  wide-aperture  laser  operating  on  the  basis  of  atomic  transitions  in  xenon. 

Keywords:  xenon  laser,  atomic  transitions,  electron  beam,  high  energy,  high  efficiency. 

I.  INTRODUCTION 

The  main  advantages  of  a  high-pressure  gas  laser  emitting  as  a  result  of  atomic  tranations  excited  by  an  electron  beam 
are  a  relatively  narrow  emission  line  and  the  feasibility  of  increasing  the  output  laser  radiation  energy  by  increasing  the  active 
volume  (scaling  up).  The  requirements  in  respect  of  the  quality  of  the  output  radiation  beam  lead  to  specific  criteria  for  selecting 
the  way  of  injecting  an  exciting  beam  so  as  to  ensure  a  uniform  distribution  of  the  current  density,  the  optimal  pump  pulse 
duration,  and  an  increase  in  the  energy  of  the  accelerated  particles. 

A  laser  based  on  atomic  transitions  in  xenon  is  currently  one  of  the  most  promising  sources  in  near-IR  radiation.  The 
very  first  experiments  in  which  electron  beams  were  used  to  pump  gaseous  mixtures  of  xenon  with  buffer  gas  (argon)^at 
pressures  Of  1-3  bar  yielded  record  output  parameters  :  a  specific  output  energy  up  to  3  J  liter'^  and  an  efficiency  of  2%-3% 
However,  when  an  Ar-Xe  mixture  in  a  wide-aperture  laser  with  an  active  volume  of  270  litres  was  pumped  by  an  electron  beam 
from  one  side,  the  lasing  efficiency  was  found  to  be  just  0.5%  A  report  was  published  in  1990  ^  that  a  laser  radiation  energy 
of  650  J  was  obtained  by  pumping  an  Ar-Xe  mixture  in  a  region  of  0.5mx0.65mx3m  dimensions^  The  excitation  was  provided 
by  wide-aperture  electron  beams  injected  from  opposite  sides  of  the  laser  chamber.  The  output  radiation  energy  was  maximized 
at  the  expense  of  uniformity  of  the  input  energy  over  a  transverse  section  of  the  laser  camber  (  so  that  the  ratio  of  the  whole 
volume  of  this  chamber  to  that  excited  efficiency  was  approximately  2:1),  which  was  the  reason  for  relatively  low  lasing 
efficiency  ^  (0.57%  -  0.85%)  .  It  was  also  reported  ^  that  preliminary  mixing  of  the  gas  mixture  increased  considerably  the 
output  radiation  energy.  The  duration  of  the  pulses  generated  by  pumping  such  a  large  volume  was  twice  the  duration  of  the 
electron  beam  pulses.  This  was  explained  *  by  energy  accumulation  in  excited  states  of  xenon  dimers,  followed  by  the  emission 
of  VUV  radiation  (^  ==  172  nm)  and  photoionization  of  Xe2* . 

We  carried  out  an  experimental  investigation  of  lasing  as  a  result  of  atomic  transitions  in  xenon  when  Ar-Xe  mixtures 
were  excited  by  an  electron  beam  in  a  laser  chamber  with  an  active  volume  about  600  litres.  Efficient  utilization  of  the  pump 
energy  and  a  uniform  distribution  of  the  output  radiation  over  a  transverse  exit  ^erture  were  ensured,  in  contrast  to  the  solution 
,  by  employing  apparatus  ^  in  which  electron  beams  from  six  double  acceleration  diodes  were  injected  axisymmetrically  into 
laser  chamber. 


2.  APPARATUS 

We  used  the  pump  configuration  described  in  detail  The  electron  acceleration  facility  consisted  of  12  modules 
supplied  from  12  voltage  generators  located  in  a  shared  evacuated  enclosure.  The  output  voltage  of  these  generators  was  0.6 
MV,  the  current  was  60-80  kA,  the  duration  of  the  leading  edge  of  the  voltage  pulses  was  0. 1  -  0.2  ps,  and  the  pulse  duration  at 
half-amplitude  was  0.5  -  0.7  ps.  A  cylindrical  laser  chamber,  3  m  long  and  0.6  m  in  diameter  (active  volume  600  litres),  included 
a  plane-plane  cavity  formed  by  an  aluminum-coated  mirror  and  a  quartz  plate.  The  pump  and  output  radiation  parameters  were 
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determined  by  methods  The  energy  deposited  in  the  gas  by  an  electron  beam  was  recorded  by  the  pressure  pump  method. 
The  total  output  radiation  energy  and  its  distribution  over  the  exit  aperture  were  measured  by  an  automated  system  based  on 
TPI-2M.1  calorimetric  sensors.  The  working  area  of  one  calorimeter  was  36  cm“  .  The  measuring  panel,  consisting  of  31 
calorimeters  forming  a  single  block,  was  used.  An  electric  signal  from  each  calorimeter  passed  through  a  multiplier  (with 
standard  CAMAC  interface  ),  reached  the  input  of  a  digital  voltmeter,  and  then  passed  (in  the  digitized  form)  to  a  DVK-3 
computer  where  it  was  processed  and  stored.  The  time  characteristics  of  the  laser  radiation  were  recorded  with  an  FSG-22 
germanium  photoresistor  and  an  S8-14  oscilloscope. 

3.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

The  accelerator  ensemble  made  it  possible  to  vary  the  pump  energy  by  altered  the  number  of  the  voltage  pulse 
generators  which  were  switched  on.  This  made  it  possible  to  select  the  optimal,  in  respect  of  the  efficiency,  excitation  regime. 
The  pressure  dependencies  of  the  output  energy  obtained  from  a  mixture  of  the  Ar;Xe  =  1 00: 1  composition  demonstrated  (Fig. 
1)  that,  when  all  12  accelerators  were  used,  the  laser  efficiency  was  considerably  less  than  that  achieved  by  just  two  electron 
beams.  More  efficient  utilization  of  the  electron  beam  energy  and  more  effective  excitation  of  the  whole  gas-filled  chamber, 
and  also  a  high  uniformity  of  the  output  energy  density  over  the  laser  beam  cross  section  ,  were  ensured  by  the  use  of 
acceleration  modules  located  on  opposite  sides  of  the  laser  chamber  and  at  different  relative  levels.  The  maximum  output  energy 
at  wavelength  1.73  pm  obtained  from  the  Ar:Xe  -  100:1  mixture  at  1.5  bar  was  100  J,  corresponding  to  an  efficiency  of  ~  2% 
relative  to  the  energy  deposited  in  the  active  media. 

In  this  case  ,  an  increase  in  the  energy  deposited  in  the  gas  by  increasing  the  number  of  operating  acceleration 
modules  resulted  in  a  near-exponential  fall  of  the  output  energy  (Fig.  2).  The  use  of  all  12  voltage  pulse  generators  reduced  the 
output  energy  to  10  J,  which  could  be  explained  by  an  increase  in  the  rate  of  electron-impact  mixing  of  the  active  levels  of  the 
xenon  atom  when  the  electron  concentration  in  the  plasma  increased  At  high  specific  pump  powers  (near  axis  of  1  kW/cm' 
)  the  addition  of  a  lighter  buffer  gas  (helium)  increased  the  output  energy  of  the  Xe  laser  and/or  the  lasing  efficiency,  and  it 
also  altered  the  emission  spectrum  In  these  experiments  it  was  found  that  dilution  of  the  Ar-Xe  mixture  by  one  third  with 
helium  (curve  2  in  Fig.  2)  reduced  the  output  energy  at  A,  =  2.03  pm,  which  initially  was  50  J  for  two  accelerators,  in  the  same 
way  as  at  A  =1 .73  pm  for  the  Ar-Xe  mixture. 

Pumping  by  a  0.03-2.5  millisecond  electron  beam.  Laser  oscillation  on  Xe-atom  transitions  with  A  ==  1.73,  2.03,  2.63, 
2.65,  3.37  pm  (with  90%  power  at  1.73  pm)  was  obtained  and  studied  under  excitation  by  e-beam  accelerators  with  plasma 
cathodes  and  planar  or  radially  converging  electron  beam*\  The  optimum  pressure  in  an  Ar:Xe  =  100:1  mixture  at  a  current 
density  on  the  order  of  0.04  A  cm'“  and  at  pulse  duration  of  0. 1  ms  was  about  1  atm.  A  specific  output  energy  of  1  J  liter"’  ,  at 
an  efficiency  2%  in  terms  of  energy  deposited  by  electron  beam,  and  a  total  energy  of  6  J  were  achieved  in  this  case.  At  a  beam 
current  density  of  about  10  mA/cm“  and  duration  of  excitation  of  2.5  ms  the  pulse  length  of  laser  oscillation  threshold  of  0.12 
mA/cm"  was  achieved  by  using  of  radially  convergent  e-beam  for  lasing  at  2.03  pm  in  Ar;Xe  =  1 00: 1  (p=  1  atm)  gas  mixture. 

The  laser  oscillation  at  the  same  five  Xe-atom  transitions  were  also  investigated  by  using  of  5  ns  and  40  ns  pulse 
duration  e-beams  with  average  electron  energy  of  150  keV  and  current  densities  of  1  kA/cm“  and  80  A/cm~  respectively.  The 
most  intense  lines  (1.73,  2.03  and  2.65  mm)  have  a  common  upper  operation  level.  It  was  shown  that  due  to  the  strong 
competition  between  these  transitions  it  is  passable  by  variation  of  cavity  Q,  gas  mixture  and  pressure,  additions  of  molecular 
gases  (see  ref  14)  and  pumping  power  to  achieve  a  primarily  lasing  at  each  of  these  wavelength. 

The  results  of  our  experiments  thus  enabled  us  to  draw  a  number  of  conclusions  and  recommendations  on  the  design 
and  construction  of  an  efficient  wide-aperture  IR  laser  based  on  transitions  in  the  Xe  atom  and  characterized  by  a  high 
uniformity  of  the  distribution  of  the  output  radiation  energy  over  the  laser  beam  cross  section. 

It  is  obvious  that  a  uniform  transverse  distribution  of  the  output  radiation  energy  over  a  large  (diameter  in  excess  of  10 
cm)  aperture  of  the  laser  beam  is  best  achieved  by  coaxial  configurations  of  the  electron  accelerator  and  the  laser  chamber. 
Several  modules  of  this  type  (differing  in  respect  of  the  electron-accelerator  cathodes)  have  recently  become  available  and  they 
are  relatively  simple,  compact,  and  reliable  i? 

Another  problem  is  selection  of  the  optimal,  for  a  given  laser  chamber  geometry,  electron  beam  parameters  (  electron 
energy  and  current  density)  because  of  the  possibility  of  over-excitation  of  a  gas  mixture  in  a  Xe  laser  and  exceeding  the  critical 
plasma-electron  density  at  which  electron-impact  mixing  of  the  active  levels  becomes  significant.  The  available  suites  of 
application  programs  for  numerical  simulation  of  an  Xe  laser  ^  and  current  methods  for  calculating  the  distribution  of  the 
energy  deposited  by  an  electron  beam  make  it  possible  to  carry  out  this  task  with  a  sufficient  degree  of  precision.  Fig.  3  gives 
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the  experimental  dependencies  of  the  Xe  laser  efficiency  on  the  specific  pump  power  plotted  on  the  basis  of  the  results  obtained 
in  the  present  and  previous  investigations  at  various  pressures  in  the  gas  mixture.  These  dependencies  are  based  on  the 

results  of  experiments  in  which  electron-beam  pulses  of  microsecond  duration  were  used  and  the  laser  chambers  had  an  active 
volume  in  excess  of  10  litres.  The  pump  power  densities  were  taken  from  the  original  papers  or  were  estimated  on  the  basis  of 
the  data  given  in  At  pump  power  densities  exceeding  10  kW/cm'^,  the  lasing  efficiency  fell  with  increase  in  the  input  energy 
and  the  rate  of  fall  was  greater  at  lower  pressures  in  the  mixture. 

Another  possibility  of  effective  attainment  of  high  output  energies  is  a  reduction  in  the  pump  power  by  increase  of  the 
pulse  generation.  For  example  if  the  duration  of  the  pump  current  pulses  amounts  to  tens  and  hundreds  of  microseconds  and 
if  the  current  density  is  reduced  correspondingly,  the  efficiency  can  be  up  to  2%  in  the  range  of  pump  power  densities  20  -  120 
W/cm^ . 
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Figure  1 .  Depenences  of  the  output  radiation 
energy  Q  on  the  pressure  in  a  mixture  of  the 
Ar.Xe=100:l  composition  pumped  by  2  (1) 
and  12  (2)  voltage  pulse  generators. 
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Figure  2.  Output  energy  Q  obtained  from  He:Ar:Xe  =  0.4:1.1:0.01,  p=1.5  bar  (1),  and  from  Ar.Xe=  100:1,  p^ 
mixtures,  plotted  as  a  function  of  the  number  n  of  the  acceleration  modules  used  for  excitation. 
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Figure  3.  Dependences  of  the  efficiency  of  the  investigated  Xe  laser  (>,  =  1.73  pm,  Ar-Xe  mixture)  on  the  pump  power  density 
delivered  to  mixtures  at  pressures  p  =  1 .5  bar  (1),  2.0  bar  (2),  and  2.5  bar  (3),  plotted  on  the  basis  of  the  results  obtained  in  the 
present  study  and  those  previously  reported’^" 


Network-based  simulation  of  CO  laser 


Mitsuhiro  lyoda,  Manabu  Taniwaki*  and  Shunichi  Sato** 

Chiba  Institute  of  Technology,  Department  of  Computer  Science,  2-17-1  Tsudanuma,  Narashino  275,  Japan 
Telephone:  +81  474  78  0530,  Telefax:  +81  474  78  0549 
E-mail :  iyoda@iyo.cs.it-chiba.ac.jp 

*  **  Institute  of  Research  and  Innovation,  Laser  Laboratory,  1201  Takada,  Kashi w a  277,  Japan 
Telephone:  +81  471  44  881 1,  Telefax:  +81  471  44  8939 
^E-mail :  taniwaki@po.iijnet.or.jp 
^^E-mail :  syuniti@po.iijnet.or.jp 

ABSTRACT 


The  simulation  code  for  the  analysis  of  CO  laser  has  been  adapted  for  the  recent  computer  network  environment.  The 
workstations,  personal  computers  (PCs),  and  Macintoshes  (MACs)  are  linked  to  the  network  where  the  simulation  is 
carried  out  by  the  fast  back-end  machine  and  the  input/ output  interfaces  are  built  in  the  front-end  PCs  and  MACs.  The 
typical  example  can  be  displayed  in  the  Web  homepage. 

Keywords:  simulation,  network,  computer,  PC,  Macintosh,  workstation,  WWW 

1.  INTRODUCTION 


Although  CO  lasers  were  operated  below  200K  in  the  beginning  of  development,  they  are  now  operated  at  room 
temperature.  It  is  very  important  to  analyze  and  predict  the  performance  of  CO  laser,  as  the  multi -KW  laser  setup  for  the 
industrial  applications  is  huge  and  complex.  The  authors  developed  several  simulation  codes describing  all  the  detailed 
processes,  such  as  electron  impact  in  discharge,  V-V  energy  transfer,  spontaneous  and  stimulated  photon  emission.  The 
large  codes  were  carried  out  by  the  world-fastest  supercomputer.  However,  it  is  now  possible^  to  run  them  by  workstations 
and  even  by  PCs  and  MACs  in  spite  of  the  relatively  long  calculation  time.  As  the  processing  speed  increases  year  by  year, 
the  time  problem  will  be  less  serious.  In  consideration  of  the  recent  progress  in  the  computer  networks,  the  authors  have 
developed  another  simulation  code  suitable  for  the  network  environment. 


2.  NETWORKS 


Before  the  development  project  of  CO  laser  simulation  code 
started,  it  had  not  been  strange  that  the  computer  users  had  to 
operate  at  the  computer  centers  to  input,  execute,  and  output  the 
processing.  The  operating  system  (OS)  was  the  time  sharing 
system  (TSS)  for  the  multi-user  processing.  The  monitor  terminals 
were  connected  to  the  on-line  ports  of  the  host  computer.  In 
order  to  cope  with  the  remote  operation,  the  computer  connection 
was  extended  via  telephone  lines  by  converting  the  digital 
information  into  analog  signal  with  modems.  The  connection 
was  1:N  (host  computer  :  remote  user  sites)  as  shown  in  Fig.l. 
Although  the  speed  of  data  transfer  was  as  low  as  300  bits  per 
second  (bps)  at  the  beginning,  it  is  now  in  the  much  faster  range 
of  9.6  -  28. 8K  bps.  Instead  of  the  spacial  terminals,  PCs  and 
MACs  with  the  communication  software  are  used  as  the  intelligent 
terminals.  The  log  records  are  stored  in  the  local  disks.  This 
conventional  type  of  connection  is  also  popular  for  personal 
communication,  such  as  CompuServe  and  AOL. 


Host  Computer 


Remote  User  Sites 


Fig.  1.  Conventional  remote  comiection. 
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The  progress  in  technology  was  observed  in  the  local 
area  network  (LAN).  At  the  early  stage  of  development, 
there  existed  several  networks,  such  as  OmniNet  for  PCs, 
LocalTalk  for  MACs,  Ethernet  for  workstations.  The 
services  were  mainly  file  sharing  and  printer  sharing  for 
PCs  and  MACs.  The  workstations  were  designed  to  process 
the  TCP/IP  (Transmission  Control  Protocol  /  Internet 
Protocol)  network  communication.  Due  to  the  development 
of  inexpensive  Ethernet  devices,  the  number  of  PCs  and 
MACs  for  TCP/IP  communication  increases. 

As  shown  in  Fig.2.,  the  internet  is  constructed  by 
connecting  LANs  by  router  devices  and  exchanging  the 
TCP/IP  packets.  The  LAN  users  can  seamlessly  access 
from  their  own  sites  to  the  internet.  Although  the  flexibility 
of  internet  is  much  higher,  main  applications  were  e-mail 
and  ftp  (file  transfer)  for  a  long  time.  Recently,  World 
Wide  Web  (WWW)  have  spread  around  the  world.  The 
Web  homepages  are  described  in  HTML  (hyper  text 
markup  language)  easily.  A  number  of  homepages  are 
published  and  browsed  by  the  internet  users. 


riogin  Site  WWW  Site 


User  Site  Simulation  Site 

Fig.  2.  Connection  of  internet  and  intranet. 


In  addition  to  the  internet,  companies  and  universities  pay  attention  to  "intranet"  where  the  same  applications  as  those  of 
internet  are  used  for  the  internal  information  processing.  However,  most  of  scientific  calculations  are  operated  by  the 
conventional  login  access.  The  authors  propose  the  new  type  of  simulation  based  on  intranet,  where  the  mathematical 
calculation  is  processed  by  the  server  and  the  input/output  operations  are  performed  in  the  homepage. 


3.  DATA  PROCESSING 


It  is  possible  to  send  the  data  to  Web  server  and  request  the  processing.  The  typical  examples  are  the  databases  to  search 
homepage  addresses  and  shopping  products.  The  mechanism  called  CGI  (common  gate  interface)  transfers  the  data  and 
launches  the  background  processing.  In  the  authors'  project,  the  simulation  is  processed  instead  of  database.  The  followings 
are  the  flow  of  data  processing. 


[1] A  user  requests  the  simulation  homepage  from  the 
browser  by  pointing  the  page  address. 

[2] The  requested  Web  server  returns  the  hypertext  to 
the  user  site. 

[3] The  homepage  with  the  data  input  fields  is  displayed 
in  the  browser. 

[4] The  user  inputs  the  simulation  parameters  in  the 
field  and  submits  them. 

[5] The  server  receives  the  data  and  launches  the 
simulation  process. 

[6] The  simulation  is  executed  and  the  results  is  returned 
to  the  server. 

[7] The  Web  server  transfers  the  simulation  results  to 
the  user  site. 

[8] The  page  of  simulation  results  is  displayed  in  the 
browser. 
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Fig.  3.  Data  flow  between  user  and  simulation  sites. 
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In  order  to  perform  the  simulation,  the  set  of  submission  page,  CGI  script,  and  simulation  code  should  be  described  to 
correctly  transfer  the  input  parameters  and  output  results.  For  example,  the  input  field  data  are  packed  as 
"CO=7&He=76&Temp=273"  when  they  are  transferred  from  the  browser  to  the  server.  The  first  step  of  CGI  is  to  unpack 
the  data  by  removing  the  delimiters  and  On  the  other  hand,  the  text  data  from  the  server  to  the  browser  should  be 
described  in  HTML  format.  The  CR  (carriage  return)  code  of  plain  text  results  in  no  line  increment  in  the  browser. 

4.  RESULTS  AND  DISCUSSION 

In  this  paper  an  example  of  the  discharge  module  is  explained.  The  basic  Boltzmarm's  equation  is  described  as  Eq.(l). 
The  electron  energy  distribution  function,  f(u),  is  obtained  by  solving  the  equation.  The  3rd  and  4th  terms  represent  the 
energy  loss  from  (u+a)  to  u  and  from  u  to  (u-up,  respectively.  The  6th  and  5th  terms  represent  the  reverse  processes.  The 
previous  code  for  the  super  computer  is  converted  for  the  server  processing. 
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The  example  of  the  simulation  homepage  is  designed  as  Fig.4.  The  advantage  of  HTML  is  the  simple  description  to 
arrange  the  page  format.  The  input  fields  and  buttons  are  easily  described,  such  as  <input  name-"CO">  and  <input 
type-submit  value=’*Send”>.  If  the  same  user  interlace  is  described  in  the  conventional  programming  language,  the  list 
must  be  much  more  complex.  The  user  sets  the  parameters  in  the  input  fields.  Any  values  in  the  fields  can  be  rewritten 
before  the  submission.  The  "Reset"  button  is  prepared  to  clear  all  the  fields  and  reset  the  submission.  After  the  input  is 
finished,  the  data  processing  is  submitted  by  the  simple  click  of  "Send"  button.  When  the  submission  fails,  the  error 
message  page  is  displayed. 


At  the  server  site,  the  parameters  are  unpacked  and  the 
simulation  process  is  launched.  The  authors  selected  a 
MAC,  instead  of  workstation,  as  the  Web  simulation  server 
to  examine  the  possibility  of  simple  and  compact  host. 
The  operation  of  Mac  Web  server  is  very  easy.  The  CGI 
process  is  described  in  AppleScript  which  can  launch  not 
only  the  simulation  but  also  the  popular  applications,  such 
as  FileMaker  and  Excel.  On  the  other  hand,  the  performance 
and  the  style  of  Web  browser  are  almost  independent  on 
a  variety  of  computers. 

After  the  simulation  process  is  finished,  the  page  with 
termination  message  is  returned  as  shown  in  Fig. 5.  The 
input  parameters  and  the  time  stamp  of  the  acceptance  are 
displayed.  The  link  pointer  to  the  main  results  is  located 
in  the  text  "Results  Here."  By  clicking  the  pointer,  the 
user  can  browse  the  page  of  the  simulation  results  as 
shown  in  Fig.6.  Although  this  example  is  simple,  the  display 
can  be  decorated  by  adding  the  HTML  tags  to  the  text  at 
the  server  site. 
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Fig.4.  Submittion  of  input  form. 
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Fig.  5.  Message  of  termination. 


Fig.  6.  Simulation  results. 


5.  SUMMARY 

The  possibility  of  network-based  simulation  has  been  examined.  Instead  of  the  conventional  rlogin  access,  the  Web 
server-browser  system  is  one  of  the  attractive  approach  to  the  simulation.  The  parameters  are  transferred  from  the  browser 
to  the  server  where  the  simulation  is  processed.  The  results  are  returned  from  the  server  to  the  browser.  The  construction  of 
the  server  is  not  so  difficult.  No  special  training  is  required  for  the  user  as  the  operation  of  Web  browser  is  very  easy  and 
popular.  The  recent  progress  in  Web  is  so  fast  and  great  that  the  functions  are  continuously  enhanced.  The  animation  of  the 
simulation  will  be  realized  by  the  new  mechanism,  such  as  Java  and  Shochwave. 
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Abstract 

Spectrally  resolved  atmospheric  absorption  has  been  investigated  to  determine  the  problems  of  long  path  beam  delivery  of  high 
power  industrial  CO  laser  light  for  material  processing.  A  dry  gas  purged  beam  path  is  found  to  be  essential  if  the  natural  CO 
laser  spectrum  is  used.  However,  an  unpurged  beam  delivery  system  may  be  satisfactory  over  typical  distances  when  the 
spectrum  is  modified  to  avoid  coincidence  with  strong  water  lines  by  the  use  of  an  intra-cavity  absorption  section. 

Key  words  :  CO  laser,  water  vapour  IR  absorption,  beam  delivery  system. 

1.  Introduction 

The  Spm  high  power  carbon  monoxide  laser  has  advantages  over  the  well-developed  10pm  carbon  dioxide  laser  in  the  field  of 
materials  processing.  The  shorter  wavelength  offer  produces  smaller  focused  spot  size,  brighter  beams,  narrower  kerfs  and 
higher  absorption  that  may  give  rise  to  faster  processing  rates.  Previous  investigations  have  shown  that  CO  lasers  have  better 
performance  than  CO2  lasers  in  cutting,  hardening,  welding,  crystal  growing  and  other  surface  treatments  of  metals  or 
ceramics  [1].  Recently  efforts  have  been  made  to  develop  room  temperature  CO  laser  technology  at  multi-kilowatts  level. [2,3] 

CO  lasers  must  operate  with  a  multi-line  spectrum  spreading 
over  5  to  6  pm  range  to  extract  power  efficiently  from  the 
ladder  of  CO  vibrational  levels  excited  by  the  gas  discharge. 
The  V2  fundamental  absorption  band  of  water  vapour  centred 
at  6.2  pm  spreads  into  the  5pm  region  in  the  form  of  dicrete 
absorption  lines  and  a  much  weaker  continum  [4].  Water 
vapour  absorption  of  CO  laser  light  in  the  beam  delivery  path 
is  thus  highly  line  specific,  giving  rise  to  variable  power  loss 
and  beam  distortion  due  to  thermal  blooming.  Schellhorn  et  al. 
[5]  have  reported  that  a  relative  humidity  of  only  25%  leads  to 
a  decrease  of  the  near  field  intensity  by  50%.  We  have  also 
observed  significant  beam  distortion  in  profile  measurements 
and  power  attenuation  by  simply  moving  the  power  meter 
progressively  away  from  the  laser. 

In  this  paper  we  describe  a  set-up  to  quantify  atmospheric 
absorption  in  the  propagation  of  high  power  carbon  monoxide 
laser  beams  and  to  assess  implications  for  beam  delivery  in 
high  power  industrial  laser  material  processing  by  monitoring 
the  spectral  variations.  The  laser  used  here,  as  illustrated  in 
Fig.  1  IkW  fast  flow  CO  laser  Fig.l,  is  a  cryogenically  cooled,  RF-excited,  compact  table-top 

design  with  a  U-shaped  stable  laser  resonator  capable  of  a 
maximum  power  output  l.OSkw  at  28%  efficiency  [6],  The  laser  has  been  operated  in  two  configurations:  in  the  first,  the 
resonator  is  wholly  inside  the  gas  envelope  while  in  the  second,  one  mirror  is  outside  the  gas  envelope  giving  a  20  cm 
intracavity  air  path. 

2.  Set-up  and  experiments 

As  shown  in  Fig.2,  the  set-up  provides  a  total  enclosed  length  of  2.4  m  between  the  laser  output  window  and  the  pyroelectric 
detector,  using  a  system  of  tubes  and  boxes  that  can  be  gas  purged.  The  Bentham  monochromator  was  set  at  minimum 
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(a)  Relative  humidity  23%  Inlet  gas  temperature  135  K 


(c)  Relative  humidity  60%  Inlet  gas  temperature  135  K 


(b)  Relative  humidity  23%  Inlet  gas  temperature  156  K 


(d) 


5.1  5.2  5.3  5.4  5.5  5.6  5.7  5.8  5.9  6.0  6.1 

Relative  humidity  89%  Inlet  gas  temperature  156  K 


Fig.4  Dependence  of  laser  spectrum  on  gas  inlet  temperature  and  beam  path  water  vapour  absorption 


With  resonator  mirrors  inside  the  gas  envelope  as 
shown  in  Fig.l,  the  intensity  of  the  major  laser  lines  is 
shown  in  Fig.  5  as  laboratory  air  at  23%  humidity  is 
displaced  by  nitrogen  with  a  measured  exit  humidity 
of  16%.  The  additional  7%  humidity  causes  intensity 
deceases  of  8%  to  35%  depending  on  the  line.  Long 
term  purging  of  the  beam  path  with  dry  nitrogen  to 
attain  less  than  1%  humidity  will  be  necessary  to 
reduce  atmospheric  absorption  to  acceptable  levels 
under  these  spectreal  conditions. 

An  investigation  has  been  made  of  the  modification  of 
the  laser  spectrum  to  remove  lines  which  are  strongly 
absorbed  by  water  vapour,  by  the  introduction  of  a 
section  containing  water  vapour  into  the  laser  cavity 
as  in  Fig.  6.  The  double  pass  through  20  cm  of  air  at 
23%  humidity  and  23  °C  is  estimated  to  provide  up  to 
20%  in  cavity  loss  for  CO  lines  which  ovelap  water  absorption  lines,  based  on  the  data  in  Fig.  5  This  loss  is  expected  to  be 
sufficient  to  cause  the  particular  rotational  lines  which  are  strongly  absorbed  to  drop  out  of  the  laser  line  spectrum.  The 
experimental  results  are  encouraging  in  that  we  do  obtain  different  dominant  spectral  lines,  and  as  can  be  seen  from  Fig.  7, 

many  lines  show  no  measurable  intensity  difference 
with  an  increase  of  humidity  of  7%  in  the  test  path. 
However,  some  lines  still  show  a  small  degree  of 
absorption  with  the  humidity  change.  This  may  be 
expected  in  that  there  will  inevitably  be  high  gain 
lines  in  the  CO  laser  spectrum  which  only  partially 
overlap  discrete  water  absorption  lines.  The  in¬ 
cavity  absorption  loss  in  these  cases  will  be  much 
less  than  the  30%  output  coupling,  and  they  may 
continue  to  lase  efficiently  without  switching  to  an 
alternative  rotational  line. 


Gas 

outlet 


Gas  ^  , 

outlet  Window  ^ 
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Fig.6  Intracavity  air  path  set-up 
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□  Air  -  Re.  humidity  23%  ■  Nitrogen  -  Re.  humidity  16% 
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Fig.  5  Absorption  of  specific  lines  with  increasing  humidity. 
(Resonator  mirrors  are  inside  gas  envelope) 
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Bentham  Monochromator 


entrance  and  exit  slit  widths  to  give  O.Snm 
resolution,  fully  resolving  the  CO  laser  line 
spectrum.  Two  AR/AR  ZnSe  mirrors  were 
used  to  pick  off  a  few  watts  as  a  sample  from 
the  typically  800  W  laser  beam,  with  the  rest 
going  to  a  power  meter  vAth  which  the  laser 
output  is  monitored.  The  set-up  was  designed 
to  sample  the  whole  beam  to  reduce  speckle 
pattern  fluctuations. 


tc 


-1  V 


The  CO  laser  is  typical  of  diatomic  molecules  with  the  infrared 
vibrational-rotational  transitions  occurring  within  the  ground 

electronic  state.  The  CO  molecules  are  vibrationally  excited  by 
electronic  impact  in  the  discharge  and  transferred  to  higher  V  states  by 
collisions,  resulting  in  the  so-called  partial  inversion  with  respect  to  the 
lower  V  states  for  specific  combinations  of  rotational  levels.  Between  a 
particular  pair  of  vibrational  levels,  there  is  considerable  variation  in 
the  rotational  transitions  that  can  contribute  to  the  laser  spectrum,  due 
to  changes  in  operating  conditions  such  as  gas  temperature,  the 
location  of  axial  mode  frequencies,  etc.  The  preferred  J  values  are 
those  corresponding  to  the  highest  population  difference,  controlled  by 
the  Boltzman  distribution  function  and  local  gas  temperature,  resulting 
in  strong  temperature-dependence  of  the  spectrum.  Analysis  of  the 
typical  spectral  output  of  the  fast  flow  laser  gives  the  V,J  transitions 
shown  in  Fig.  3  The  figure  shows  the  expected  cascading  transitions 
down  the  vibrational  ladder.  There  are  two  groupings  of  observed  V-J 
transitions,  which  are  believed  to  arise  from  the  large  temperature 
change  along  the  resonator  axis  At  the  low  temperature  inlet  region 

the  Boltzmann  distribution  has  a  maximum  at  low  J  and  anharmonic  pumping  favours  low  V  values.  Near  the  gas  outlets  the 
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Fig.  3  Main  transitions  in  laser  spectrum  at 
156  K  inlet  temperature  and  no  in-cavity 
water  absorption 


gas  temperature  is  —150  K  higher,  and  the  peak  in  the  rotional  distribution  moves  towards  J— 20,  whilst  the  population 
inversion  occurs  only  for  higher  V.  The  laser  spectrum  adjusts  to  make  use  of  contributions  to  the  gain  from  both  these 
regions.  The  effect  of  gas  temperature  on  the  detailed  laser  spectrum  is  shown  in  Fig.4  (a)  and  (b)  The  spectrum  shifts  from 
longer  wavelength  to  shorter  wavelength  as  the  inlet  gas  temperature  is  reduced.  At  lower  temperature,  the  inversion  between 
lower  vibrational  bands  and  the  anharmonic  structure  of  the  vibrational  manifold  favours  emission  at  shorter  wavelength. 


When  water  vapour  is  artificially  added  to  the  beam  path,  by  the  circulation  of  high  humidity  air  from  a  water  bath,  significant 
power  loss  can  be  observed  in  a  spectrally  resolved  form,  as  shown  in  Fig.  4(c)  and  (d).  Total  power  losses  up  to  more  than 
60  per  cent  and  85  per  cent  respectively  occurred  in  the  cases  of  water  concentration  in  the  path  corresponds  to  60%  and  89% 
relative  humidity  at  23®C.  The  strongest  absorption  is  in  the  longer  wavelength  region  where  lines  with  wavelength  over 
5.65iim  were  absorbed  to  such  an  extent  that  they  could  hardly  be  observed.  This  observation  is  in  agreement  with  published 
results  of  field  measurements  of  atmospheric  transmittance,  where  the  transmission  is  effectively  zero  between  5.6jim  and 
7.0pm  at  sea  level  over  a  0.3  km  path. 

In  compiling  the  spectra  in  Fig.  4,  it  was  found  that  there  was  considerable  difficulty  in  keeping  the  laser  spectrum  unchanged 
over  a  time  sufficient  to  complete  a  spectral  scan  using  the  monochromator  motor  drive.  The  detailed  spectrum  varies  on  the 
time  scale  of  thirty  seconds  or  so,  due  to  competition  of  rotational  transitions  linking  specific  vibrational  states.  This  is 
believed  to  be  caused  by  cavity  length  drift  and  gas  inlet  temperature  fluctuations  generated  by  boiling  in  the  LN2  heat 
exchanger.  It  is  thus  not  possible  to  calculate  reliable  atmospheric  absorption  coefficients  for  specific  laser  lines  from  two 
spectra  taken  at  different  times.  To  avoid  this  problem,  we  have  carried  out  individual  line  investigations  by  alternately 
switching  the  nitrogen  gas  purge  on  and  off  in  the  enclosed  beam  path,  while  continuously  monitoring  the  laser  power  at  a 
fixed  wavelength  selected  by  the  monochromator.  This  method  allows  us  to  differentiate  between  laser  power  changes  caused 
by  the  spectral  fluctuations  and  that  caused  by  the  introduction  of  water  vapour,  and  base  absorption  coefficient  changes  on 
time  averages. 


299 


3.  Conclusions 


It  has  been  shown  experimentally  that  the  variabilty  of  the  CO 
laser  spectrum  combined  with  atmospheric  water  absorption 
of  the  radiation  in  a  lab  or  workshop  environment  can  cause 
serious  power  losses  and  unpredictable  power  delivery  to  a 
workpiece,  over  path  lengths  used  in  typical  beam  delivery 
systems.  In  addition,  heating  of  the  air  and  subsequent 
convection  may  produce  blooming-induced  beam  quality 
degradation.  The  cryogenically  cooled  CO  laser  has  an 
intrinsically  very  low  water  vapour  pressure  within  the  cavity, 
and  hence  many  of  the  lines  emitted  may  be  strongly 
absorbed,  with  up  to  50%  total  power  loss  being  possible 
over  several  metres  of  open  air.  Using  the  natural  laser 
spectrum,  very  low  water  vapour  pressures  are  needed  in  an 
enclosed  beam  path,  strongly  purge  with  dry  nitrogen.  There 
may  also  be  a  need  for  an  initial  bake  out  of  the  enclosure  to 
release  adsorbed  water 

With  moderate  amounts  of  water  vapour  in  the  in-cavity  absorption  region,  the  laser  adjusts  the  rotational  lines  used  to 
saturate  the  gain  to  avoid  the  stongest  water  vapour  lines,  without  significant  loss  of  power  output.  This  is  possible  because  of 
the  rapid  rotational  thermalisation  at  the  pressures  used  in  the  laser,  and  also  because  of  the  relatively  close  longitudinal  mode 

spacing  of  the  long  laser  cavity.  However,  there  remain  lines  in  the  spectrum  which  do  show  some  water  vapour  absorption 

over  the  2.4  m  test  path,  for  example  the  5.746  jam  line  in  Fig. 7.  With  the  much  reduced  overall  power  loss  using  the  open 
section  within  the  cavity,  it  may  be  possible  to  use  a  relatively  short  beam  delivery  path  without  resorting  to  dry  gas  purging. 
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Fig.  7  Absorption  of  modified  spectral  lines 
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ABSTRACT 

The  results  are  jwesented  of  computer  modeling  jointly  with  preliminary  results  of  ejqjerimental  investigations  of 
sequentially  Q-switched  frequency  selected  CO  laser.  C:alculations  show  the  essential  difference  in  pulse  form  and  inversion 
restotation  time  between  the  models  of  single-  and  multi-quantum  vibrational  exchange  kinetics. 

Keywords:  CO  laser,  multi-quantum  vibrational  exchange,  Q-switching 

1.  INTRODUCTION 

Vibrational  exchange  kinetics  is  of  great  importance  in  wide  diversity  of  processes,  such  as  high  speed  non¬ 
equilibrium  gas  dynamics,  plasma  chemistry,  isotope  separarion,  atmosphere  physics,  laser  etc.  There  are  two  general 
groups  of  important  in  a^ications,  which  differ  in  the  physical  mechanisms  of  vilsational  exchange; 

homonuclear  diatomics  (N2,  02  are  examples)  and  heteronuclear  polar  diatomics  (CO,  NO,  isotofrically  substituted 
homonuclear  diatomics  etc.).  The  last  group  also  may  include  an  important  case  of  vibrational  modes  of  simple  polyatomic 
molecules  with  strong  IR  transitions. 

The  vibrational  exchange  in  the  first  group  of  molecules  is  relatively  slow,  single  quantum  exchange  (SQE) 
processes  predominate  in  the  wide  range  of  vilwational  quantum  numbers.  Ref  1.  The  second  group  is  characterized  by  fast 
vibrational  exchange,  rate  constants  of  which  increase  rapidly  with  vibrational  quantum  numbers  and  become  of  the  order 
of  gas  kinetic  rate  constant  at  relatively  low  levels.  Numerical  calculations  in  Ref.2  showed  that  multi-quantum  exchange 
(MQE)  is  of  the  same  rates  as  single-quantum  for  these  molecules. 

Theoretical  models  of  vibrational  kinetics  are  mostly  conader  SQE.  The  model  is  formulating  in  this  case  in  very 
general  and  relatively  simple  terms.  It  was  widely  used  in  various  applications  of  vibrational  kinetics.  The  justification  of 

this  model  lays  in  satisfactory  agreement  with  measurements  trfptqrulation  vibrational  distribution  functions  (VDF),  Re£3. 

Poor  physical  background  of  simplified  model  of  vibrtational  kinetics  ma<te  us  to  develope  the  more  complicated  model, 
taifing  into  account  the  MQE  processes.  Ref  4.  The  calculations  were  performed  for  CO  molecule,  which  also  might  be 
considered  as  good  model  molecule,  especially  remembering  that  information  is  available  in  literature  on  rate  constants  of 
multiple  vilwational  processes  in  CO.  (Qualitatively,  the  results  may  be  ai^icaUe  to  a  rather  wide  group  of  molecular 
vibrational  ttwdes  with  strong  IR  transitions. 

Calculations  showed  that  MC^  mockl  explains  stationary  and  transient  VDF  equally  well  as  SQE  model.  But  more 
complicated  {Aenomena  may  differ  considerably  in  two  models.  For  example,  it  was  shown  in  Ref.4,  that  double  resonance 
measurements  of  restoration  of  VDF  after  local  perturbation  is  the  phenomena  of  this  kind.  Matty  other  processes  are  also 
sensitive  to  the  details  of  kinetics.  In  this  paper  the  results  are  presented  of  comparative  investigation  of  another  process  - 
consequent  (Q-switching  of  frequency  selected  CO  laser.  Prelirtunary  experimental  results  on  two  consequent  (Q-switching  of 
frequency  selected  CO  laser  are  also  presented. 


2.  MODEL 

The  tystem  of  kinetical  equations  for  vibrational  level  pofnilatiotts  of  CO  and  N2  molecules,  including  MQE  in 
CO,  is  presented  in  details  in  Ref.4.  The  only  change  was  that  induced  transitions  in  preselected  vibrational  band  were 
included. 

In  calculations,  it  was  sui^sed  that  specific  characteristics  and  composition  of  active  medium  were  the  same  as  in 
experiment.  Ref  5,  that  is  mixture  CO/N2=l/9,  discharge  specific  energy  250  J/g,  discharge  pulse  duration  80  mcs.  Total 
molecule  (fcnsity  was  sui^sed  to  be  N=0.05  Amagat,  temperature  of  active  media  -  T=100K.  (Q-switching  began  in  30  mcs 
after  termination  of  discharge  pulse.  To  model  (Q-switching  it  was  supposed  that  resonator  threshold  gam  decreased  linearly 


SPIEVol.  3092  •  0277-786X/97/$10.00 


301 


from  the  value,  which  was  several  times  hi^er  than  the  active  media  gain  on  the  selected  transition,  to  the  preselected 
value,  equal  1.5E-3  1/cm  for  the  time  0.25  mcs,  went  on  constant  at  this  value  for  0.5  mcs  and  increased  linearly  to  the 
initial  value  for  0.25  mcs.  Thus,  the  full  Q-switching  process  duration  was  1  mcs.  Time  delay  between  sequential  Q- 
switching  varied  in  the  range  0.5-2  mcs.  Preselected  transition  changed  in  the  range  from  v=9-10  to  v=3 1-30. 

3.  THE  RESULTS  OF  CALCULATIONS 

In  Fig.l  and  Fig.2  the  results  are  {wesented  of  calculations  of  two  consequent  Q-switching  pulses  on  various 
transitions  using  and  SQE  models  respectively.  The  measure  of  restoration  of  VDF  is  coincidence  of  two  consequent 
pulses  in  form  and  amplitude.  One  can  easily  observe  that  SQE  model  provides  practically  full  restoration  of  VDF  between 
pulses.  Restoration  of  VDF  at  high  levels  in  MQE  model  is  much  slower,  just  as  it  was  observed  in  Ref.4  for  nalciilatinns  of 
double-resonance  experiments. 

At  low  vibrational  levels  SQE  rate  constants  are  nearly  the  same  in  both  models,  MQE  processes  are  of  small 
importance.  Thus,  the  results  in  both  models  differ  unessentially  (Fig.  la  and  Fig.2a).  At  high  vilxational  levels  rate 
constants  of  quasi-resonant  exchange  in  SQM  are  very  large  and  exceed  gas  kinetic  rate  constant  an  order  of  magnihirff  at 
high  vibrational  levels.  Restoration  of  peculations  is  very  fest,  two  consequent  pulses  are  nearly  the  same  (Fig.2).  Long 
quasi-stationary  phase  of  lasing  is  due  to  fast  W-pumping  from  neighbour  levels.  In  MQE  model  rate  constants  of 
vibrational  exchange  are  much  less,  restoration  of  VDF  is  incomplete,  pulse  amplitudes  differ  considerably  (Fig.l). 
Puncing  from  neighbour  levels  is  relatively  small,  quasi-stationary  phase  of  pulses  may  be  not  observed  (Fig.  l,c). 

4.THE  RESULTS  OF  EXPERIMENTS 

Preliminary  results  of  measurements  of  two  conse^ent  Q-switched  pulses  at  preselected  vibrational  transition 
v=20-19  were  performed  to  observe  the  tendencies  in  variation  of  pulse  form  at  various  delays  and  high-Q  duration  time. 
Experiments  were  performed  using  sub-nanosecond  ER  detector  and  fest  corriputerized  oscilloscope.  Fig.3a  shows  laser 
pulses  in  the  cases,  when  high-Q  duration  was  about  2.5  mcs,  Fig.3b  and  Fig.3c  -  1.25  mcs  recectively.  Pulse  delay 
between  Q-switching  was  about  2.5  mcs  in  Fig.3a,  0.62  mcs  in  Fig.3b  and  1.25  mcs  in  Fig.3c.  Pulse  delay  relative  current 
pulse  was  570  mcs  in  Fig.3b  and  3c,  510  mcs  in  Fig.4a.  The  restoration  of  inversion  is  not  complete  in  Fig.3b  and  3c.  In 
Fig.3a  pulses  me  very  suniUar  in  form  and  amplitude.  Pulses  in  Fig.3  are  strongly  modulated  as  the  result  of  mode  beating. 
Pulse  forms  in  Fig.3  are  in  qualitative  agreement  with  calculations.  Quantitative  analysis  may  be  a  useful  tool  for 
experimental  and  more  precise  determination  of  rate  constants  of  vibrational  exchange,  which  are  known  till  now  only  from 
calculations.  Though  one  should  keep  in  mind  that  laser  action  is  comlicated  process  which  depends  on  parameters,  usually 
badly  known  or  even  only  estimated. 
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ABSTRACT 

A  frequency  selected  (FS)  Q-switched  (QS)  e-beam  controlled-discharge  (EBCD)  CO-laser  has  been  researched  and 
developed.  The  laser  generates  short  pulses  (to.i^l-lOps)  having  different  spectral  content  including  single  line  one  within 
4.92-6.54  pm  spectral  range.  An  influence  of  spectral  content  of  CO  laser  radiation  "locked"  or  "blocked"  inside  a  laser 
resonator  on  output  energy  and  efficiency  of  lasing  on  selected  wavelengths  has  been  studied. 

Key  words\  CO  laser,  frequency  selection,  Q-switching,  electron-beam-controlled-discharge  laser, 

1*  INTRODUCTION 

Pulsed  IR  laser  radiation  with  determined  pulse  duration  and  wavelengths  is  necessary  for  some  applications  of  CO 
laser.  For  instance,  for  some  laser  isotope  separation  processes,  laser  stimulation  of  chemical  reactions,  laser  surface  heat 
treatment  of  selectively  absorbed  materials  etc.,  high  power  CO  laser  radiation  on  wavelengths  within  5-6.5  pm  interval  can 
be  used  with  selected  wavelengths  and  short  pulse  duration  (to.i  1-10  ps).  ^ 

The  only  way  to  produce  high  power  FS  short  CO  laser  pulses  is  the  using  of  Q-switching  of  laser  resonator  . 
Because  of  a  peculiarity  of  inversion  population  formation  for  multy-level  CO  molecule,  a  considerable  reduction  of  laser 
efficiency  and  output  energy  takes  place.  Up  to  now  there  were  only  a  few  research  works  where  some  attempts  had  been 
done  to  obtain  short  (tq.i  <  1  ps)  CO  laser  pulses  by  Q-switching  with  spectral  selection  There  were  no  publications,  which 
would  have  demonstrated  FS  short  pulse  CO  laser  with  output  energy  higher  than  10  mJ,  at  least.  In  this  connection  FS  QS 
EBCD  CO  laser  has  been  researched  and  developed.  A  special  attention  has  been  given  to  lasing  near  the  edge  of  the  CO 
laser  spectrum  (X  --  6  pm),  wdiere  strong  absorptive  lines  do  exist  for  different  molecules  having  carbonyl  groups. 

2.  EXPERIMENTAL  LASER  INSTALLATION  AND  EXPERIMENTAL  TECHNIQUE 

The  cryogenically  cooled  EBCD  laser  installation  with  active  volume  of  ~  1  litre  has  been  used  in  the  experiments. 
The  laser  mixture  density  can  be  varied  from  0.1  up  to  0.5  Am^at,  (1  Amagat  corresponds  to  a  gas  density  at  normal 
conditions),  the  gas  temperature  being  changed  within  100  -  BOOK  interval.  Normally,  we  have  used  gas  mixture  at  density  of 
0.25  Amagat.  Different  laser  mixtures  with  different  percentage  of  CO,  N2,  He  and  Ar  have  been  used.  The  electrical 
pumping  pulse  length  can  be  varied  within  the  interval  of  10-1000  ps.  Normally,  the  pumping  pulse  length  of  --60ps  has 
been  used.  An  optical  scheme  with  spatial  intracavity  spectral  and  pulse  length  selection  has  been  chosen,  wiiich  has  enabled 
us  to  change  flexibly  the  CO  laser  wavelength,  spectral  width,  pulse  length  and  the  number  of  short  pulses  in  a  train.  A 
rotating  mirror  has  been  applied  for  Q-switching.  The  optical  scheme  chosen  has  also  enabled  us  to  study  an  influence  of 
spectral  content  of  laser  radiation  "locked"  or  "blocked"  inside  the  laser  resonator  on  output  energy  and  efficiency  of  lasing 
on  selected  wavelength(s).  The  term  "locked"  means  that  the  CO  laser  radiation  on  locked  wavelengths  exists,  but  it  is  not 
extracted  from  laser  resonator  through  the  output  mirror,  though  taking  part  in  cascade  mechamsm  of  lasing.  The  term 
"blocked"  means  that  there  is  no  lasing  on  given  (blocked)  wavelengths. 

3.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 


The  main  experimental  data  were  obtained  from  dependences  of  output  energy  Qout  on  delay  time  between  the 
beginning  of  the  electrical  pumping  pulse  and  the  moment  of  laser  resonator  Q-switching  for  different  experimental 
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Fig.l,  Typical  dependences  of  FS  QS  CO  laser  out¬ 
put  Qout  on  time  delay  xj  for  different  selected  lines 
(To.i=5ps,  N=0.27Amagat,  T=130K,  CO:N2=l:9  ). 


conditions  (Fig.l).  These  data  give  us  the  important  information  about 
physical  processes  of  energy  transformation  taking  part  inside  the 
multy-component  multy-level  active  medium  of  CO  laser: 

a) .  The  QS  lasing  began  after  the  time  delay  of  15-20  ps 
between  starting  of  pumping  pulse  and  the  moment  of  Q-switching 
irrespective  of  the  selected  laser  transition  (at  least  for  laser  vibrational 
bands  V^V-l=10-^9  and  lower).  The  fact  indicates,  that  the 
formation  of  population  inversion  in  our  conditions  of  pumping  began 
almost  simultaneously.  This  feature  was  not  specially  investigated,  but 
it  might  be  explained  by  the  process  of  direct  CO  molecules  excitation 
by  electron  impacts  in  electron  beam  controlled  discharge. 

b) .  The  time  dependent  growth  of  QS  laser  output  up  to  its 
maximal  value  corresponds  to  the  transformation  of  vibrational  energy 
distribution  function  in  transient  conditions  of  vibrational-vibrational 
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(V-V)  energy  exchange,  vibrational-translational  (V-T)  relaxation,  cascade  lasing  (in  case  of  using  partial  or  total  laser 
radiation  "locking”)  and  laser  gas  heating  during  pumping  pulse.  The  intensities  and  the  rates  all  of  these  processes 
strongly  depend  on  the  laser  gas  mixture  content,  selected  laser  transition  line  (wavelength)  and  other  parametrs  (initial  gas 
temperature,  pressure,  "lock”  &  "block”  combinations  etc.).  Therefore  the  QS  laser  output  itself  and  the  optimal  time  delay 
'^dopt  (\\iien  QS  output  riched  its  maximal  value  Qoutmax)  depended  strongly  on  selected  wavelength  chosen.  And  wiiat  is  more, 
for  different  selected  spectral  lines  there  are  respectively  different  sets  of  optimal  (corresponding  to  the  maximal  laser  output) 
parameters  mentioned  above. 

c).  Further  decreasing  QS  CO  laser  output  (and  the  rate  of  this  decrease)  at  time  delay  Td>Td,opt  is  mainly 
characterized  by  the  processes  of  V-T  relaxation. 

ff  we  comp^e  the  values  of  x^opt  for  different  selected  laser  lines,  we  can  obtain  the  information  about  the 
propagation  of  vibrational  excitation  wave  through  the  complicated  multy-level  structure  of  active  gas  mixture  containing  CO 
moleculs. 

3.1.  Single  line  FS  QS  CO  laser  mode. 

The  influence  of  "locking"  and  "blocking"  CO  laser  radiation  on  laser  output  has  been  studied  for  FS  QS  CO  laser 
operated  in  single  line  mode  for  different  laser  gas  mixtures  and  for  different  combinations  of  laser  radiation  "locking" 
and"blocking"  (Fig. 2),  Lasing  takes  place  within  the  spectral  region  of  4.92-6.54  pm.  (Laser  pulse  length  on  the  level  of 

from  Fig.2,  for  each  selected  wavelength  (single  line  FS  QS  CO  laser 
operation  mode)  the  optimal  sets  of  laser  parameters  (gas  mixture 
content,  "lock"  and  "block"  combinations)  are  different  (even  for 
neighbouring  vibrational  bands).  The  general  trends  for  this  mode  of 
FS  QS  CO  laser  operation  were  as  follows:  the  highest  output 
characteristics  appeared  to  be  at  high  CO  percentage  in  laser  gas 
mixture  (up  to  50%)  and  in  conditions  of  intracavity  "blocked"  lasing 
on  lower  transitions  (than  selected  one)  plus  "locking"  or  "blocking" 
(for  different  selected  lines)  of  lasing  on  upper  transitions. 

Reliably  detectable  QS  (To.i=5ps)  output  (output  energy  of  2- 
3mJ  and  higher)  was  obtained  for  laser  transitions  from  3-^2P(15) 
(X=4.926pm)  up  to  23->22P(13)  (X=6.541pm).  The  values  of  maximal 
single  line  FS  QS  CO  laser  efSciencies  and  corresponding 
experimental  conditions  for  three  spectral  lines  (in  the  middle  and  near 
the  short-  and  long-wave  edges  of  working  spectral  range)  are 
presented  in  following  table: 


Fig.2.  The  influence  of  gas  mixture  content  and 
‘Tock”&”block”combinations  on  maximal  single 
line  QS  CO  laser  output  Qo«tmax  •  (N=0.27Amagat, 

T=130K,  Td=Td.opt,  To.i=5ps,  Qin~450J/I  Amagat). 

3.2.  Lasing  at  the  Jong-wave  edge  of  CO  laser  spectrum. 

For  some  practical  applications  it  is  necessary  to  form  laser  radiation  pulses  with  different  spectral  and  temporal 
parameters.  There  are  some  polymeric  materials  and  chemical  substances,  vdiich  have  relatively  wide  and  intensive 
absorption  bands  near  ~6pm  and  could  be  effectively  treated  by  CO  laser  radiation  containing  several  (3-5)  neighbouring 
lines.  In  the  most  cases  short  (l-lOps)  laser  pulses  are  needed  for  material  processing.  Also  it  is  very  important  to  use 
physical  properties  of  population  inversion  formation  processes  taking  place  in  active  medium  of  CO  laser  (inversion  life 
time  can  reach  hundreds  microseconds;  V-V  energy  exchange  can  restore  the  population  inversion  on  selected  laser 
transition(s)  after  Q-switching)  for  increasing  QS  CO  laser  efficient  by  developing  the  multy-pulse  (train)  mode  of  QS  CO 
laser  operation  at  a  single  pumping  pulse.  Finally,  laser  pulses  of  different  lengths  could  be  effectively  used  for  treatment  of 
materials  with  different  absorbancy/thermal  conductivity  ratio.  Taking  into  account  all  reasons  mentioned  above,  detailed 
study  of  FS  QS  CO  laser  operating  in  5.8-6. 1pm  spectral  range  was  carried  out  for  different  spectral  widths  of  output  laser 
radiation  (Av=20-60cm  ^),  for  different  laser  pulse  lengths  (3-9|is)  both  in  single  pulse  mode  and  in  multy-pulse  train  mode 
(up  to  8  pulses  in  train).  Special  attention  was  paid  to  obtaining  maximal  laser  output  energy  characteristics.  Also  the 
influence  of  laser  gas  mixture  content,  temperature  and  density  on  FS  QS  CO  laser  output  was  investigated. 

The  laser  gas  mixture  content  was  optimised  for  two  wavelengths  ranges  (Av=40cm“^)  separated  by  very  short 
spectral  interval:  Xo=5.81pm  (central  line  15-<»14P(16))  -  Fig.3a  and  Xo=6.10pm  (central  line  18^17P(18))  -  Fig.3b.  These 
data  were  obtained  at  the  same  laser  pulse  length  (To.i=5ps),  temperature  (T=125K)  and  gas  density  (N=0.25Amagat) 
conditions  for  each  laser  gas  mixture.  Maximal  specific  energy  input  Qin.max  (limited  by  electrical  breakdown)  was  higher  to 
some  extent  for  laser  gas  mixtures  without  He  and  reached  the  value  of  500-600  J/l  Amagat  (Fig.3,  bars  1,  3,  5,  6,  8,  9). 
Qm.max  for  He-coutaining  mixtures  (Fig.3,  bars  2,  4,  7,  10)  was  on  the  level  of  300-400  J/l  Amagat. 
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Fig.3.  Maximal  FS  QS  CO  laser  output  Qoatmax 
for  different  laser  gas  mixtures  CO:N2:He:Ar= 
1:1:0:0(1,8),  (2,7),  (3,9),  1:0:1:0(4), 

1:0:0:0(5),  1:3:0:0(6),  1:0:3:0(10),  2:0:1:0(11). 


The  best  mixtures  for  obtaining  maximal  laser  efficiency 
(these  values  are  presented  in  Fig.3)  for  these  two  spectral  intervals, 
separated  only  by  AX=0.3pm,  appeared  to  be  CO:N2  with  different 
optimal  CO  percentages:  50%  for  Xo=5.81pm  ('ninax=0.17%)  and  25%  for 
Xo=6. 1pm  ('nniax=0.063%). 

The  maximal  laser  output  Qoutmax  and  efficiency  rimax  are 
increased  with  the  increase  of  gas  density  N  ^ig.4,  Av=40cm  ^To.l— 5ps), 
notwithstanding  the  decrease  of  the  maximal  specific  energy  input 
limited  by  electrical  breakdown.  The  use  of  higher  density  (Fig.4)  is 
useful  to  increase  the  rate  of  vibrational-vibrational  pumping  of  CO 
molecules  and  the  number  of  molecules  radiating  per  a  time  interval. 
Because  of  a  pure  technical  reason  we  did  not  increase  gas  density  higher 
than  0.27Amagat,  though  the  higher  is  density,  the  higher  is  laser  output. 
There  should  be  an  optimum  for 
density  (0.5-0.7  Amagat)  because  of 
decreasing  a  threshold  of  electrical 
breakdown  (in  J/1  Amagat  units)  for 
higher  densities.  The  Fig.4  also 
illustrates  the  fact,  that  the  increase 
of  laser  gas  density  not  only  caused 
the  increase  of  QS  CO  laser  output 
(due  to  the  increase  of  active  CO 
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molecules  amount)  but  intensified  the  V-V  energy  exchange  and  V-T  relaxation  Fig.4.  Dependence  of  FS  QS  CO 
processes  (the  decrease  of  the  optimal  time  delay  T^opt  corresponding  to  the  moment  of  laser  maximal  output  Q^tmaw  on 
maximal  population  inversion  and,  respectively,  maximal  laser  output  on  selected  mixture  density  N  (T-125K)  for 
wavelength  took  place).  Xo~5.81pm  (CO:N2=l:  1)  -  (a)  and 

The  FS  QS  CO  laser  characteristics  are  much  better  for  lower  temperature.  That  ^o-6.10pm  (CO:N2-l:3)  -  0>)- 
fact  were  a  trivial  one,  but  for  a  very  weak  dependency  on  temperature  had  taken  place  within  the  temperature  interval  of 
100-150K  (Av=40cm'\  To.i=5ps).  And  vdiat  is  more,  the  maximal  efficiency  of  FS  QS  CO  laser  operated  on  Xo=5.81pm  at 
the  temperature  higher  than  190K  became  lower,  than  one  corresponding  to  Xo=6.10pm  (optimal  laser  gas  mixtures  were 
used  for  each  selected  wavelengths).  The  role  of  low  temperature  for  CO  laser  is  well  known  and  one  can  observe  a 
deterioration  of  FS  QS  CO  laser  characteristics  with  temperature  rise.  However,  we  do  not  have  yet  a  reasonable  explanation 


Fig.5.  Typical  oscillograms  of  FS  QS  CO  laser  pulse  temporal  shapes  (single  pulse  mode  -  a,  b,  c;  multy-pulse  train 
mode  -  d,  e)  obtained  with  time  resolution  of --0.5^8. 

The  FS  QS  CO  laser  output  and  efficiency  are  higher  for  longer  pulse  length,  for^nstance,  1.75  times  high^er  for  9  ps 
■  '  ■  ■  ■  ~  ■  ’  ■  ■  i  I  r-r^mekured  valued  I  laser  pulse  then  for  5ps  one.  The  longer  is^a  short  QS  CO  laser 

\  pulse,  the  higher  is  the  output  energy  (Fig.5a-c),  because  of 

\  *  -  compensation  of  inversion  population  depleting  by  vibrational- 

\  1  ■■  I  ■’  A'  vibrational  pumping.  For  any  application  one  should  try  to  apply 

A.  •  .  “V  longer  CO  laser  pulses  because  of  higher  output  efficiency  of  the 

.  j  %  laser.  (The  other  way  is  a  use  of  multy-pulse  lasing.) 

Ill  ;  i ;  ^ :  •  It  should  be  pointed  out,  that  all  observations  of  laser 

ill  ra  ■  '  P\:  V  %;  "  pulse  temporal  parameters  tq.i  and  Ta  were  carried  out  by 

.  . .  --  L'computing  points-  measuring  System  with  response  time  of -0.5^8  (Fig.5,  6-1).  Some 

10  -  -  a<i^Iitional  study  was  made  to  investigate  the  laser  pulse  profile 

“  a  ■  with  nanosecond  time  resolution.  It  was  shown  (Fig.  6),  that  strong 

Fig.  6.  Typical  FS  QS  CO  laser  pulse  time  profile  measured  regular  oscillations  of  laser  radiation  intensity  took  place  during 

with  time  resolution  ~0.5p.s  (1)  and  —lOns  (2, a).  [These  data  lasing.  The  oscillations  arose  for  all  laser  pulse  lengths  tq.i 
were  obtained  in  our  joint  experiments  with  C.Beairsto,  fi'om  Ips  up  to  3 Ops.  Typical  oscillogram  for  1.3ps  (Fig. 6) 
R.Petmy,S.Squires  (Directorate  ofApplied  Technology,  USA)  shows  the  quasi-sinusoidal  temjwral  behaviour  of  laser  radiation 
and  R.  Walter  (WJsX  USA)  at  Lebedev  Institute].  intensity  with  time  period  of  40ns  (corresponding  to  round-trip 


period  of  2Lreg./c)  and  high  degree  of  modulation  (in  some  cases  up  to  100%).  It  was  the  first  case,  wiien  we  observed 
experimentally  this  temporal  behaviour  of  short  pulse  CO  laser  radiation  intensity,  which  can  be  explained  by  the  effects  of  a 
small  number  (2-3)  of  longitudinal  modes  beating  or  mode  locking  due  to  saturated  absorbers  (for  example,  atmospheric 
water  vapours)  inside  the  long  laser  resonator.  These  temporal  experiments  has  the  illustrative  character  and  some  additional 
study  is  needed  to  investigate  in  details  the  process  of  CO  laser  pulse  profile  formation. 

The  spectral  width  of  the  selected  spectral  interval  chosen  near  the  wavelength  of  6|im  did  not  influence  strongly  on 
laser  output,  having  been  changed  from  10  cm"'  up  to  60  cm‘\  The  weak  influence  of  a  spectral  width  on  the  laser  output 
takes  place  because  of  lasing  on  discrete  vibrational-rotational  lines.  In  the  most  of  experiments  we  had  only  two-three 
spectral  lines  within  the  selected  spectral  interval  Av=20-60cm‘\  because  fast  rotational  relaxation  and  relatively  high  level 
of  laser  resonator  losses  (--80%)  allowed  to  support  lasing  only  on  laser  lines,  that  had  maximal  gain  at  the  moment  of  Q- 
switching  (one  line  in  each  vibrational  band  separated  by  spectral  interval  about  30cm'^). 

The  laser  output  is  also  strongly  depends  on  the  number  M  of  the  short  pulses  in  a  train  for  a  single  electrical 
pumping  pulse.  In  these  experiments  the  total  (summarised  on  all  laser  pulses  in  train)  laser  efficiency  reached  the  value  of 
0.4%  for  four  pulses  in  train,  and  0.62%  for  eight  pulses  (Xo=5.81pm)  ('Co.i+'rA=F’\  F  -  pulse  repetition  rate,  Ta  -  the  time 
interval  between  the  short  pulses).  The  multy-pulse  QS  lasing  for  a  single  pumping  pulse,  first  demonstrated  in  ^  for 
nonselected  mode,  enables  us  to  increase  a  total  efficiency,  because  of  giving  a  possibility  for  recovering  inversion  population 
for  a  time  delay  Ta.  Comparison  of  our  data  with  those  obtained  in  ^  demonstrated  the  strong  difference  between  selected  and 
nonselected  modes  of  multy-pulse  QS  CO  laser  operation;  time  interval  Ta  corresponding  to  — 80%-recovering  of  second  laser 
pulse  energy  with  respect  to  first  one  was  about  30-40ps  (the  best  result  from  ^  was  for  following  conditions:  N=0.5  Amagat, 
T=100K,  gas  mixture  CO:N2=l:9  for  nonselected  mode  of  QS  CO  laser  operation).  In  our  experiments  we  observed  almost 
the  total  recovering  of  population  inversion  (and,  respectively,  single  laser  pulse  energy  in  a  train)  on  selected  wavelength 
(even  for  lower  gas  density  N=0.25  Amagat)  at  the  value  of  TA=5ps  (see  oscillograms  in  Fig.5d,e).  These  facts  could  be 
explained  by  different  mechanisms  of  population  inversion  recovering.  In  case  of  nonselected  mode  of  QS  CO  laser 
operation,  the  multy-wavelength  lasing  decreases  the  population  on  all  laser  levels  taking  part  in  laser  action,  and 
respectively  long  time  is  needed  to  recover  all  population  distribution  function  by  V-V  energy  exchange.  In  case  of  FS  mode 
of  QS  CO  laser  operation,  population  inversion  decreased  only  on  selected  laser  transition  and  it  is  recovered  much  faster  (at 
about  an  order  of  magnitude)  by  CO  molecules  V-V  energy  exchange  with  neighbouring  vibrational  levels  (with  respect  to 
selected  one). 

It  should  be  pointed  out,  that  the  laser  efficiency  obtained  in  the  experiments  is  not  an  upper  limit,  wfiich  might  be 
reached,  and  the  optical  scheme  applied  in  the  experiments  enables  us  to  increase  much  more  the  number  of  pulses  in  train, 
(T^o.i)  ,  (ta)'  etc.,  opening  an  opportunity  for  further  increase  of  FS  QS  CO  laser  efficiency.  The  fact  is  a  very  important 
feature,  especially  for  practical  application  of  FS  QS  CO  laser. 

4.  CONCLUSIONS 

The  maxim^  output  characteristics  of  FS  QS  CO  laser  for  every  selected  wavelength(s)  strongly  depend  on  a  lot  of 
parameters:  laser  mixture  content,  gas  density  (pressure)  and  temperature,  pulse  length,  "locking"  or  "blocking"  laser 
radiation  inside  the  laser  cavity. 

For  FS  QS  CO  lasing  on  longer  wavelengths  (near  6pm)  the  best  way  is  "blocking"  lower  transitions  lasing  and 
"locking"  upper  transitions  lasing. 

There  have  been  obtained  for  a  single  pulse  (Xo=5.81pm,  Av=40cm‘\  To.i=5ps):  Qoutmax=0.1J,  Ti„,ax=0.17%.  Maximal 
laser  output  and  efficiency  are  increased  with  increase  of  gas  density  and  pulse  length:  QouLmax=0. 15J,  Tia»ax=0.2r/o  (tq  i=9ps). 

Output  energy  and  efficiency  do  not  strongly  depend  on  gas  temperature  within  the  interval  of  T=100-150K. 

For  the  first  time,  the  temporal  behaviour  of  FS  QS  CO  laser  pulse  intensity  was  observed  experimentally  with 
nanosecond  time  resolution.  All  laser  pulses  appeared  to  be  quasi-sinusoidally  modulated  with  modulation  period  of  40ns  and 
high  (up  to  100%)  modulation  degree. 

Qout  and  r[fnax  are  increased  with  the  number  of  pulses  M  in  a  train  for  a  single  pumping  pulse.  Qout=0.43J, 
Tlmax”0.62%,  M=8  (To.i=5ps).  The  efficiency  obtained  is  not  an  upper  limit  for  FS  QS  CO  laser. 
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ABSTRACT 

For  operating  conditions  of  the  high  power  supersonic  e-beam  sustained  CO  laser  a  numerical  investigation  of  the  energy 
and  spectral  characteristics  of  the  first  overtone  generation  is  conducted.  It  is  shown  that  electro-optical  efficiency  of  the 
first  overtone  generation  can  be  more  than  30%.  The  efficiency  of  a  spectrum  selection  both  on  fundamental  and  first  over¬ 
tone  transitions  is  evaluated.  On  the  basis  of  numerical  calculations  the  engineering  evaluations  for  several  variants  of  such  a 
device  are  executed. 

Keywords:  CO-laser,  supersonic,  e-beam  sustained,  first  overtone,  spectrum  selection  efficiency,  numerical  study. 

1.  INTRODUCTION 

Up  to  now  CO2  lasers  were  the  only  technological  lasers  whose  power  exceeded  5  kW.  Economically  reasonable  fields  of 
their  application  are  determined  mainly  by  the  cost  of  their  energy  and  the  wavelength  10.6  p.  The  CO  lasers  with  subsonic 
gas  flow,  the  wall-plug  efficiency  of  which  is  close  to  that  of  CO2  lasers,  turned  out  to  be,  at  the  same  power,  appreciably 
more  expensive  and  bulky  than  CO2  lasers. 

20  years  ago  the  extremely  high  values  of  efficiency  and  specific  output  energy  for  a  CW  supersonic  e-beam  sustained 
CO  laser  (SSCO-EIL)  were  predicted  \  Principal  advantages  of  such  a  laser  are:  (1)  The  system  including  a  supersonic  noz¬ 
zle,  a  supersonic  channel  and  a  diffuser,  is  a  very  efficient,  cheap,  reliable  and  very  compact  refiigerating  machine.  (2)The 
coincidence  of  the  resonator  and  the  discharge  zone  allows  keeping  a  low  specific  vibrational  energy  in  gas  mixture.  This 
leads  to  a  low  heat  flow  caused  by  V-T  relaxation.  This  is  very  important  for  increasing  the  SSCO-EIL  efficiency  because  of 
lower  temperatures  and  energy  expenditures  on  gas  pumping  in  a  closed-cycle  system.  (3)The  surfaces  of  mirrors  and  output 
window  forming  the  walls  of  supersonic  channel  are  cooled  by  supersonic  gas  flow.  Such  a  cooling  provides  the  possibility  of 
using  the  steady-state  operation  with  a  radiative  flux  of  tens  of  kilowatts  per  cm^.  (4)Argon  is  the  largest  part  of  the  gas  mix¬ 
ture.  This  provides  the  possibility  of  using  for  pumping  of  gas  mixture  in  closed-cycle  operation  a  turbo-compressor  -  high 
efficient,  high  productive  and  very  compact  device.  Up  to  1993  the  advantages  of  SSCO-EIL  were  an  alluring  perspective 
only.  In  1993  LOK  Company  launched  an  open-cycle  full-scale  mock-up  of  CW  supersonic  e-beam  sustained  CO  laser  and 
received  in  experiments  the  following  results  output  power,  Wouf=  130-200  kW;  electro-optical  efficiency,  r\^  =  44-49  %; 
wall-plug  efficiency  in  an  open-cycle  regime  exceeds  40  %;  the  duration  of  continuous  operation  is  up  to  1.0  s;  e-beam 
.  current  density  in  discharge  zone,  jb  =  0.02  mA/cm^;  about  70%  of  output  power  is  concentrated  in  two  spectral  lines  with 
wavelength  5.00  and  5.06  p. 

The  experiments  demonstrating  very  effective  performance  of  the  supersonic  e-beam  sustained  CW  CO  laser  (SSCO-EIL) 
of  power  hundreds  of  kilowatts  operating  by  fundamental  transitions  ^  and  the  possibility  of  creating  the  SSCO-EIL  of  multi¬ 
megawatt  power  ^  instil  the  confidence  that  a  technological  SSCO-EIL  will  be  created  soon.  The  use  of  such  a  laser  will  lead 
to  expansion  of  the  field  of  laser  technologies  because  of  increasing  output  power,  making  laser  energy  cheaper  and  extend¬ 
ing  the  range  of  operating  wavelengths.  A  number  of  projects  concerning  the  use  of  lasers  in  Earth-orbital  space  and  some 
technologies  (e.g.,  in  production  of  ultrafine  '‘laser"  powders,  isotope  separation)  require  using  lasers  of  power  units,  tens  and 
hundreds  of  megawatts  and  different  wavelengths.  Additional  extension  of  the  wavelength  range  can  be  reached  by  using  a 
version  of  SSCO-EIL  which  operates  by  the  first  overtone  transitions  (SSCO-EIL-over).  Being  a  record-holder  for  energy  ef¬ 
fectiveness  among  CO  and  CO2  lasers  SSCO-EIL  has  all  prerequisites  for  operating  well  in  the  range  of  2.5-4.0  p. 

In  this  work,  the  potential  ability  of  SSCO-EIL  to  generate  by  the  first  overtone  transitions  of  CO  molecule  has  been 
numerically  calculated,  the  calculations  of  the  efficiency  of  wavelength  selection  for  the  operation  of  SSCO-EIL  by  both  the 
fundamental  transitions  and  the  first  overtone  have  been  made.  On  the  base  of  the  calculations,  an  engineering  analysis  for 
several  versions  of  SSCO-EIL  and  SSCO-EIL-over  has  been  made. 

2.  RESULTS 

The  results  presented  below  have  been  obtained  by  solving  numerically  the  system  of  kinetic  equations  for  a  large  number 
of  vibrational  levels  of  gas  components  and  equations  of  one-dimensional  gas  dynamics.  The  computational  model  is  based 
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on  the  generally  accepted  theory  of  CO  lasers  and  SSCO-EIL  in  particular.  The  correctness  of  the  model  has  been  confirmed 
by  the  fact  that  full-scale  mock-up  of  SSCO-EIL  has  been  made  on  the  base  of  this  model  and  its  performance  is  in 
accordance  with  the  model  predictions  I  Tests  conducted  with  the  participation  of  scientists  from  USA  ^  have  confirmed  the 
energy  characteristics  of  the  mock-up  and  the  reliability  of  the  experimental  results  presented  in^. 

The  computation  have  been  performed  for  two  gas  mixtures:  CO:Ar  =  0.1:0.9  and  CO;N2:Ar  =  0.05:0.15:0.8  (in  the 
experiments  CO:N2:Ar  «  0.06:0.09:0.85).  It  is  adopted  in  our  computations  that  the  following  values  are  the  same  as  they 
were  in  testing  the  mock-up  the  molecular  number  density  at  the  entrance  to  discharge  zone  Ni/Nq  =  0.2  (No  is  Loschmidt 
number);  the  gas  temperature  at  the  entrance  to  discharge  zone  Ti  =  80K;  the  gas  temperature  at  the  entrance  to  the 
supersonic  nozzle  To  ==  293K;  the  e-beam  gun  current  density  jb=  0.02  mA/cm^;  the  ratio  of  electric  field  strength  to 
particle  concentration  E  /N=5.M0'^^  V-cm^;  the  length  of  discharge  zone  along  the  flowX=  0.7  m.  It  is  supposed  that  the 
discharge  take  place  in  the  channel  of  constant  pressure,  in  which  E/N=const.  Variants  with  X=1.08  m  and  Ni^lo=l-21  have 
been  considered  additionally. 

In  calculating  the  optical  resonator  parameters  we  adopt  that  the  losses  are  caused  by  absorption  and  scattering  by  the 
mirrors  and  in  the  gas  and  are  attributed  only  to  the  mirrors,  including  the  semitransparent  one,  i.e.  the  losses  on  each  mirror 
per  one  pass  of  radiation  between  resonator  mirrors  are  equal  to  a  and  the  reflectance  of  reflective  mirror  is  R’*=l-a.  The 
reflectance  of  semitransparent  mirror  is  calculated  subject  to  the  given  value  of  resonator  loss  factor  k.  Considering  the 
overtone  generation  we  suppose  that  the  reflectance  of  each  mirror  at  wavelengths  of  fundamental  transitions  R’  is  equal  to 
0.01.  Estimations  show  that  in  this  case  the  generation  by  fundamental  transitions  does  not  take  place.  The  reflectances  and 
losses  for  the  mirrors  used  in  the  experiments  ^  (R">0.997,  a<0.003,  R'<0.01)  are  much  more  preferable  than  those  adopted 
in  our  computations.  In  calculating  the  wavelength  selection  we  assume  that  for  the  selected  lines  the  loss  factor  of  resonator 
is  the  same  as  in  the  case  of  free-running  lasing  and  for  the  rest  of  spectral  range  the  lasing  is  excluded  because  of  high  level 
of  resonator  losses. 

The  results  of  the  computation  of  the  energy  and  spectral  characteristics  of  SSCO-EIL  (Av=l)  are  presented  in  Table  1 
and  Fig.  1,2,4.  The  characteristics  of  SSCO-EIL-over  (Av=2)  are  presented  in  Table  2  and  Fig.3,  5.  The  following  symbols 
are  used:  Ein  -  specific  input  energy;  Bd  -  dimension  of  discharge  zone  along  the  laser  beam;  hj  -  height  of  supersonic 
channel  at  the  entrance  to  discharge  zone;  T]  -  efficiency  of  the  conversion  of  discharge  energy  into  radiation  inside 

the  resonator;  r|res '  efficiency  of  resonator;  Gd  -  gas  flow  rate  through  the  discharge  zone;  T]  =  T|  ^^5  *  T]  -  electro- 

optical  efficiency;  Wout  =  Ein  ''Heo  ‘  ‘  output  power.  As  a  spectral  range,  the  vibrational  level  numbers  are  shown  for 

which  the  line  radiation  power  is  more  than  1  %  of  power  for  ail  generating  transitions  together.  The  number  of  upper  level 
is  shown,  i.e.  the  transitions  v^  v-1  or  v  v-2  respectively  take  place. 

Fig.l  shows  the  spectra  of  free-running  lasing  calculated  at  the  values  of  parameters  that  took  place  in  testing  the  mock-up 
(for  variants  1,4  of  Table  1.  See  also  column  1  of  Table  1  in  ^).  The  ratios  of  the  total  output  power  of  selected  lines  to  the 
output  power  of  free-running  lasing  for  variant  4  of  Table  1  are  presented  in  Fig.2.  The  spectra  of  free-running  overtone 
lasing  for  variants  1.3  and  1.4  of  Table  2  and  the  ratios  of  the  output  power  of  four  selected  lines  (v-v-l..vH-3-v+l)  to  the 
output  power  of  free-running  overtone  lasing  for  the  same  variants  are  presented  in  Fig.3. 

The  spectra  of  free-running  fundamental  lasing  for  variants  3  and  6  are  shown  in  Fig.4  (among  all  the  variants  the  values 
of  Ein  are  maximum  in  these  variants).  The  spectra  of  free-running  overton  lasing  for  variants  3.1,  3.2  and  6.1,  6.2  are  shown 
in  Fig.  5. 

3.  CONCLUSIONS 

An  apt  conjunction  of  the  properties  of  operating  gas  mixture  with  the  characteristics  of  the  discharge  sustained  with  e- 
beam,  the  imderstanding,  more  detailed  than  earlier,  of  the  processes  in  SSCO-EIL  and,  as  a  consequence,  the  success  in 
realization  of  such  a  laser  which  take  place  at  present  -  all  this  opens  the  way  to  create  supereffective,  supercompact  and 
superpower  lasers  of  multi-megawatt  power  and  different  wavelengths. 

For  free-running  lasing  the  electrooptical  efficiency  exceeds  50%  for  generation  by  fundamental  transitions  and  30%  for 
generation  by  first  overtone  transitions. 

The  output  power  of  selected  lines  can  be  many  times  more  than  the  output  power  of  the  spectral  lines  corresponding  the 
same  transitions  of  free-running  lasing.  The  spectrum  selection  extends  considerably  the  wavelength  range  of  generation. 

All  this  gives  a  hope  that  economically  reasonable  fields  of  laser  applications  will  be  significantly  extended. 
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The  experimental  verification  of  the  main  calculation  results  can  be  realised  at  the  existing  device. 


Table  1 .  Energy  and  spectral  characteristics  of  SSCO-EIL  (Av=l ) 


1 

Gas  mixture 

N,/No 

X,m 

Bd, 

m 

hi, 

cm 

Gd, 

kg/s 

a 

K, 

m'^ 

res 

Bin, 

J/g 

“n  eo 

Wou., 

MW 

spectral 
range  (v) 

1 

CO:Ai- 

0.1:0.9 

0.2 

0.7 

0.5 

5.4 

4.56 

0.02 

0.35 

0.769 

104.6 

0.631 

0.483 

0,23 

5-12 

2 

1.21 

0.7 

0.5 

5.4 

27.61 

0.02 

0.35 

0.769 

232.0 

0.683 

0.525 

3.38 

6-15 

3 

1.21 

1.08 

2.5 

9.25 

231.4 

0.02 

0.25 

0.88 

332.6 

0.697 

0.613 

48.3 

7-16 

4 

CO:N2:Ar= 

0.05:0.15:0.8 

0.2 

0.7 

0.5 

5.4 

4.58 

0.02 

0.35 

0,769 

88.1 

0.575 

0.453 

0.18 

5-12 

5 

1.21  i 

0.7 

0.5 

5.4 

27.69 

0.02 

0.35 

0.769 

197.7 

0.676 

0.52 

2.85 

6-15 

6 

1.21 

1.08 

2.5 

9.25 

232.0 

0.02  i 

0.25 

0.88 

287.3 

0.697 

0.614 

41.0 

6-15 

Table  2.  Energy  and  spectral  characteristics  of  SSCO-EIL  -over  (Av  =  2). 


Gas  mixture 

N,/No 

X,m 

Bd, 

m 

hi, 

cm 

Gd,  kg/s 

a 

K, 

m'* 

^  res 

Bin, 

J/g 

T,  Ei„ 

Tleo 

Wou., 

MW 

spectral 
range  (v) 

1.1 

1.2 

1.3 

CO:Ar= 

0.1:0.9 

0.2 

0.7 

0.5 

5.4 

4.56 

0.01 

0.05 

0.55 

103.2 

0.469 

0.258 

0.121 

8-21 

0.02 

0.05 

0.17 

103.2 

0.469 

0.079 

0.037 

8-21 

0,01 

0.10 

0.74 

102.6 

0.353 

0.261 

0.122 

9-25 

1.4 

0.02 

0.10 

0.53 

102.6 

0.353 

0.187 

0.087 

9-25 

2.1 

2.2 

2.3 

1.21 

0.7 

0.5 

5.4 

27.6 

0.01 

0.05 

0.55 

223.0 

0.571 

0.315 

1.94 

10-27 

0,02 

0.05 

0.17 

223.0 

0.571 

0.097 

0.60 

10-27 

0.01 

0.10 

0.74 

216.5 

0.458 

0.339 

2.02 

13-35 

2.4 

0.02 

0.10 

0.53 

216.5 

0.458 

0.243 

1.45 

13-35 

3.1 

3.2 

1.21 

1.08 

2.5 

9.25 

231 

0.01 

0.10 

0.90 

296.4 

0.382 

0.344 

23.54 

16-41 

0.02 

0.10 

0.82 

296.4 

0.382 

0.313 

21.45 

16-41 

4.1 

4.2 

4.3 

4.4 

CO:N2:Ar= 

0.05:0.15:0.8 

0.2 

0.7 

0.5 

5.4 

4.58 

0.01 

0.05 

0.55 

87.2 

0.402 

0.221 

0.088 

8-22 

0.02 

0.05 

0.17 

87.2 

0.402 

0.068 

0.027 

8-22 

0.01 

0.10 

0.74 

86.8 

0.273 

0.202 

0.080  i 

10-25 

0.02 

0.10 

0.53 

86.8 

0.273 

0.145 

0.057 

10-25 

5.1 

5.2 

5.3 

5.4 

1.21 

0.7 

0.5 

5.4 

27.7 

0.01 

0.05 

0.55 

191.3 

0.556 

0.306 

1.62 

10-27 

0.02 

0.05 

0.17 

191.3 

0.556 

0.095 

0.501 

10-27 

0.01 

0.10 

0.74 

186.3 

0.437 

0.323 

1.67 

14-35 

0.02 

0.10 

0.53 

186.3 

0.437 

0.231 

1.195 

14-35 

6.1 

6.2 

1.21 

1.08 

2.5 

9.25 

232 

0.01 

0.10 

0.90 

257.2 

0.355 

0.319 

19.06 

16-40 

0.02 

0.10 

0.82 

257.2 

0.355 

0.291 

17.37 

16-40 
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Fig.l.  The  ratios  of  generation  power  Wv  for  transitions  v->v-l 
to  the  total  output  power  Wj  of  the  free-running  lasing; 
o  -  variant  1;  a  -  var.  4  (table  1). 


Fig.2.  The  ratios  of  the  total  output  power  of  selected  lines  Wg 
to  the  Wj;  ;  variant  4. 

□  -  one  selected  transition  v^  v-1; 

A  -  two  successive  transitions  v^  v-1,  v+1^  v; 
o  -  three  transitions  v->v-l  ...  v+2->v*M; 

•  -  fourjransitions  v  ->v-l  ...  v+3  v+2. 
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Fig.3.  C)  -  (a)  the  spectrum  of  free-running  overtone  lasing  as  a  function  of  wavelength  X  ,  variants  1.3, 1.4  (table  2); 
o  -  (b)the  same  spectrum  versus  transition  number  v->v-2; 

-  (b)  the  ratios  of  the  output  power  of  four  selected  transitions  v->v-2...  v+3— >v+l  to  the  for  free-running  overtone  lasing 
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Fig.  4.  The  spectra  of  free-running  fundamental  lasing 
^  for  variants  3  (  o)  and  6(a). 
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Fig.  5.  The  spectra  of  free-running  overtone  lasing 
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ABSTRACT 

The  results  are  presented  of  measurements  of  surface  hardness  and  wear  resistivity  of  rolling  machine  2000  rolls  which 
were  under  heat  treatment  by  high  power  gas  cfynamic  laser  at  Cherepovetz  Metallurgy  Work.  Surface  hardness  of  rolls 
increased  from  70  HSh  to  80-85  HSh.  Wear  resistivity  also  showed  considerable  increase  as  compared  with  imtreated 
rolls. 

Keywords:  surface  hardening,  rolls,  gas  dynamic  laser 

1.  INTRODUCTION 

It  was  announced  in  Ref  1  about  test  runs  of  high  power  gas  dynamic  C02  laser  (GDL)  installed  at  Cherepovetz 
Metallurgy  Work.  High  mass  flow  rate  (about  10  kG/s)  allowed  to  use  GDL  in  developing  of  technologies  need^  for 
laser  treatment  of  large  scale  equipment  which  is  in  use  in  ferrous  metallurgy.  GDL  applications  in  technology  is  the 
most  cost  effective  in  heavy  industry,  where  components  of  laser  gas  mixture  may  be  produced  as  byproducts  of  the  main 
production  process  (nitrogen  may  be  byproduct  of  air  separation,  C02  may  be  produced  by  burning  of  stack  gases). 
Besides,  high  output  power  of  GDL  and  diversity  of  technological  operations  with  large  scale  equipment  make  perspective 
of  building  the  multi-purpose  laser  treatment  centre  on  the  base  of  GDL. 

One  of  operations,  where  GDL  might  be  of  interest  is  surface  hardening  of  rolls  from  large  rolling  machine.  Some 
recently  obtained  results  on  laser  heat  treatment  of  rolls  from  rolling  machine  2000  are  presented  in  this  paper. 

2.  DESCRIPTION  OF  GDL  INSTALLATION 

Laser  and  technological  area  are  installed  at  rolling  mill  in  the  vicinity  of  rolling  machine  2000.  The  overall  view  of 
GDL  installation  is  shown  in  Fig.L  In  the  centre  one  can  see  the  main  parts  of  GDL.  Two  regenerative  high  temperature 
heat  exchangers,  which  connected  through  high  pressure  switching  valves  with  plenum  chamber,  follow  by  slot  nozzle 
array,  supersonic  rectangular  wind  tuimel  and  optical  resonator,  supersonic  and  subsonic  diffusers.  On  the  foreground  the 
rectangular  aero<fynamic  output  window,  feeding  by  nitrogen  from  bended  rectangular  gas-guide,  follow  by  two 
folding  mirrors  directing  the  laser  beam  to  the  system  of  light  beam  transportation  and  formation  (not  shown  in  Fig.1) 
and  further  to  the  work-place.  Aluminium  oxide  ceramic  spheres  inside  the  heat  exchangers  accumulate  the  heat 
provided  by  burning  the  natural  gas/air  mixture  in  combustors,  installed  on  the  roof  of  heat  exchangers.  On  the 
background  additional  heat  exchanger,  filled  by  metallic  rolls,  is  seen,  which  utilizes  remaining  burner  heat  to 
provide  high  pressure  water  vapor  in  laser  mixture.  The  installation  also  includes  the  special  system  for  cooling  strongly 
heated  constructions:  nozzle  array  and  walls  of  wind  tunnel,  diffuser  and  heat  exchangers. 

The  wind  tunnel  in  the  area  of  optical  resonator  is  about  100  mm  in  height,  200  mm  in  flow  direction  and  1000  mm  in 
transverse  flow  direction.  One  passage  unstable  resonator  with  M=L5  magnification  coefficient  is  used.  Reflecting  area 
of  copper  mirrors  is  cooled  by  flowing  water. 

More  than  200  runs  were  performed  for  two-year  period  of  exploitation.  Mean  run  duration  was  about  150  s. 
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3.  LASER  TREATMENT  OF  ROLLING  MACHINE  ROLLS 


Rolls  from  rolling  machine  2000  are  about  800  mm  in  diameter  and  2000  mm  in  width.  Working  area  is  about  1000  mm 
in  width.  Roll  surface  is  formed  by  cast  iron  trade  mark  LPXNd-70. 

The  process  of  roll  restoration  began  from  usual  operations  -  turning,  roll  body  profiling  and  polishing.  After  these 
operations  (;ompleted  roll  surface  etched  by  4%  solution  of  HN03  in  alcohc  e  and  washed  by  distilled  water.  Afterwords, 
special  absorbing  paint  on  the  base  of  grafite  was  deposited  on  the  roll  surface  in  the  layer  20-30  mcm  thick. 

Rolls  under  irradiation  were  installed  in  special  support  and  rotated  with  controllable  speed  to  adjust  surface  beam 
velocity  in  the  range  up  to  70  mm/s.  Beam  spot  as  formed  by  beam  formation  system  was  near  rectangular  with 
dimensions  of  10x30  mm.  Surface  temperature  imder  irradiation  was  measured  by  vidicon  optical  pyrometer. 

In  the  process  of  laser  heat  treatment,  firstly  the  surface  temperature  sharply  increased  above  phase  transition 
temperature,  then  it  maintained  in  the  range  above  this  temperature,  but  under  melting  point,  for  several  tenth  of  second 
and  fastly  decreased  after  termination  of  irradiation  due  to  termoconductivity  into  depth  of  metal  with  the  formation  of 
fine  grain  martensite.  Treatment  was  performed  in  the  geometry  of  parallel  rings  in  the  central  part  of  roll  surface.  The 
intervals  between  rings  were  approximately  equal  to  beam  spot  width,  that  is  about  30  mm.  The  width  of  laser  treated 
part  of  surface  was  about  100  cm.  Measurements  showed  the  surface  hardness  in  the  zones  under  irradiation  increased 
from  about  70  HSh  to  80-85  HSh. 

The  process  of  roll  treatment  is  shown  in  Fig.2.  Laser  beam  came  out  of  rectangular  protecting  shield,  reflected  from  two 
folding  curved  mirrors,  which  formed  the  beam  spot,  and  strudc  the  roll  surface.  Heated  zone  is  seen  as  bright  spot  on  the 
surface. 

Pairs  of  rolls  after  irradiation  were  installed  at  rolling  machine  and  tested  for  full  8  hour  production  cycle.  After  rolls 
were  extracted  surface  hardness  and  wearing  profiles  were  thoroughly  measured.  Irradiated  zones  preserved  increased 
hardness  in  the  range  75-80  HSh. 

Changes  in  surface  profile  of  roil  pairs  after  irradiation  were  compared  with  those  which  were  not  irradiated.  Fig.  3  and 
4  show  the  results  of  measurements  and  comparison  for  upper  and  lower  rolls  in  pair  respectively.  Positive  changes 
correspond  to  fatting,  negative  -  to  wearing  of  surface.  One  can  not  distinguish  the  contributions  of  clear  wearing, 
deposition  of  additional  materials  and  inelastic  deformations  in  the  rolling  process.  Nevertheless,  the  decrease  of  roll 
mass  was  more  than  5  times  less  for  irradiated  roll  in  comparison  with  that  which  was  not  irradiated  fi  r  rolls 
presented  in  Fig.4.  For  rolls  compared  in  Fig.  3  the  changes  of  mass  were  in  the  range  of  uncertainty  of  measurements. 

Analysis  of  measurements  similar  to  those  presented  above  show  that  rolls  after  laser  irradiation  preserved  their  surface 
hardness  and  profile  and  need  not  in  restoration  for  at  least  two  times  longer  than  unirradiated  rolls. 

4.  REFERENCE 
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ABSTRACT 

New  methods  to  obtain  higher  power  from  the  laser  with  the  unstable  resonator  are  proposed.  Calculations 
are  performed  for  expanding  radius  of  concave  or  convex  mirror  to  reduce  the  diffraction  loss  power  from 
the  concave  mirror  and  to  convert  the  power  spread  out  from  it  into  the  output  power.  The  Fresnel-Kirchhoff 
formula  is  used  for  the  iterative  computer  calculation  in  the  passive  resonator  and  for  a  CO2  laser.  The 
calculations  show  that  the  increase  of  the  output  power  can  be  obtained  more  than  20  percent  with  expanding 
concave  mirror  in  the  CO2  laser. 

Keywords:  stable  resonator,  unstable  resonator,  Kirchhoff  diffraction  equation,  low  gain  laser,  large  aperture 
laser,  CO2  laser 


1.  INTRODUCTION 

Since  the  proposition  by  Siegman,^^  the  unstable  resonator  has  been  well  known  as  a  good  resonator  to 
obtain  high  power  from  large  volume  laser  medium.  In  the  unstable  resonator,  any  photons  can  not  be 
trapped  in  the  resonator  and  get  out  from  it  after  bounces  on  both  mirrors.  Even  the  photons  started  from 
the  center  region  go  to  the  edge  of  mirrors,  so  this  resonator  seems  to  be  suitable  for  large  cross  section 
in  order  to  increase  the  volume  of  the  laser  medium.  In  addition,  the  single  mode-like  output  beam  with 
coherent  phase  is  easily  gotten  from  the  large  bore  laser. 

The  unstable  resonator,  however,  has  been  hardly  used  for  the  industrial  high  power  lasers  because  the 
output  power  from  the  laser  is  nearly  half  of  that  with  stable  resonator  of  multimodes.  The  light  wave  started 
from  the  center  region  increases  with  bouncing  back  and  forth  and  goes  to  the  edge  of  the  mirrors.  The  laser 
medium  in  the  center  region  does  not  meet  with  the  saturated  strength  of  the  internal  lasing  power,  though 
almost  whole  laser  medium  do  in  the  laser  with  multimode  stable  resonator.  The  power  gotten  from  the 
unstable  resonator  seems  to  be  smaller  than  that  from  the  multimode  stable  resonator  and  to  be  one  of  the 
demerit  of  it. 

To  improve  the  demerit  of  the  unstable  resonator,  we  propose  new  methods  to  increase  the  output  power 
from  the  unstable  resonator  and  numerically  analyze  them  in  this  paper. 

2.  ANALYSIS 

The  field  distribution  in  the  unstable  resonator  is  solved  by  the  iterative  computer  calculation  of  the 
Fresnel-Kirchhoff  formula^^  in  a  passive  resonator  and  for  a  CO2  laser.  In  this  calculation,  the  higher  order 
modes  can  not  be  separated,  but  the  calculations  are  simple  and  the  cost  of  the  working  time  for  the 
computer  is  not  expensive. 

In  the  real  laser  medium,  the  active  medium  exists  and  the  higher  order  modes  couple  each  other.  And 
in  any  high  power  lasers,  as  the  distributions  of  gain  and  refractive  indexes,  etc.  are  not  uniform  and 
fluctuating,  the  precise  comparison  between  the  analysis  and  the  experiment  is  very  difficult.  So,  we  do  not 
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need  to  persuade  the  precise,  but  complicated  calculation  such  as  fast  Fourier  analysis, and  the  iterative 
computer  calculations  are  enough  for  our  objects/^ 

Calculations  are  performed  in  a  passive  resonator  and  the  CO2  laser  by  changing  magnification  value  M 
(M=1.5”3.0)  and  Fresnel  number  N  (N=10-30),  For  the  most  of  the  calculations,  the  small  signal  gain  and 
the  saturation  intensity  are  taken  to  be  1.0  %/cm  and  1.0  kW  / cm^  respectively,  which  are  reasonable 
value  for  cw  CO2  laser. 

3.  EFFECT  OF  THE  EXPANSION  OF  THE  CONCAVE  MIRROR 

The  positive  confocal  unstable  resonator  shown  in  Fig.l  (a)  has  the  merit  that  a  single  mode  like  beam 
with  coherent  phase  can  be  taken  out  from  a  large  bore  laser  medium 

In  the  unstable  resonator,  larger  M  value  is  preferable  because  the 
wider  width  of  the  ring  like  output  results  in  the  better  concentration 
of  the  power  in  the  focal  point.  The  M  value  is  expressed  by  Ri/R2, 
where  Ry  and  R2  are  the  radius  of  curv'ature  of  concave  (Mirror  1)  and 
convex  (Mirror  2)  mirrors  and  also  expressed  by  a^/ a2  as  shown  in 
Fig.l  (a).  The  smaller  the  M  value  is  the  thinner  the  width  of  the 
output  beam  becomes.  The  energy  in  the  side  lobe  of  the  focused  spot 
in  the  thinner  annular  beam  is  high  and  distribute  in  the  large  area. 

In  Fig.  2,  extraction  power  ratio  (a),  diffraction  power  ratio  (b),  and 
coupling  efficiency  (c)  are  shown  as  function  of  N  number  for  various 
M  value  in  the  unstable  resonator  with  a  positive  branch.  The  extraction 
and  the  diffraction  powers  mean  the  useful  and  loss  power.  The 
extraction  power  ratio  is  the  ratio  between  the  power  spread  out  from 
the  Mirror  2  and  the  power  stored  inside  of  the  resonator.  The 
diffraction  power  ratio  is  the  ratio  between  the  power  spread  out  from 
the  Mirror  1  and  the  power  stored  inside  of  the  resonator.  The  coupling 
efficiency  means  the  ratio  between  the  power  spread  out  from  the 
Mirror  2  and  the  power  spread  out  from  the  both  Mirror  1  and  2. 

The  diffraction  power  spread  out  from  the  Mirror  1  can  not  be  ignored  as  shown  in  Fig.2  (b).  The 
diffraction  power  loss  is  larger  than  the  extraction  power  at  N  =  1  and  M  =  1.5.  The  diffraction  power 
normally  decreases  with  increasing  Fresnel  number,  but  still  exceed  30  %  of  the  extraction  power  at  the 

Fresnel  number  of  more  than  10.  So  the  diffraction  power  could  be  a  severe  obstacle  which  decrease  the 

obtainable  useful  output  power  from  the  unstable  resonator. 

To  reduce  the  diffraction  power  and  to  obtain  higher  output  power  from  lasers  with  the  unstable  resonator, 
we  propose  to  expand  the  radius  of  Uj  as  shown  in  Fig.l  (b),  which  convert  the  power  spread  out  from  the 
concave  mirror  into  the  output  power.  The  effect  of  the  expanding  concave  mirror  is  shown  in  Fig.  3  as 
function  of  N  number  for  various  ratio  of  a^p/ aj,  where  a^p  is  the  expanding  radius  of  concave  mirror.  The 
M  value  consists  with  the  ratio  between  the  radius  of  curvature  of  these  concave  and  convex  mirrors.  So 
the  M  value  is  given  as  constant  while  changing  the  ratio  of  Hip/aj.  The  ratio  of  a^p/ai  =  1  means  the 
usual  confocal  unstable  resonator,  and  the  ratio  of  a^p/ aj  =  1,3  means  the  concave  mirror  expanded 
ounvardly  about  70  %  of  the  size. 

In  Fig.  3(a),  the  extraction  power  ratio  increases  with  increasing  the  ratio  of  aip/ai,  because  of  increasing 
area  of  the  concave  mirror.  On  the  other  hand,  the  diffraction  power  spread  out  from  the  Mirror  1  drastically 

decreases  by  the  expansion  of  the  concave  mirror  as  shown  in  Fig.  3(b).  Fig.  3(c)  shows  the  total  power 


in  the  uni-directional  beam. 


Mirror  1  Mirror  2 


(b) 


Fig.l.  A  positive  confocal  unstable 
resonator  (a)  and  an  expansion 
of  the  minor(b). 
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ratio  spread  out  from  the  both  mirrors,  that  is  the  ratio  of  the  extraction  power  and  diffraction  power  against 
the  internal  power.  This  ratio  does  not  change  so  much  by  the  expansion  of  the  concave  mirror.  That  is, 


the  most  of  the  diffraction  power  at  the  ratio  of  a,p/ a,  =  1.0 
is  converted  to  the  extraction  power  by  the  expansion  of  the 
concave  mirror.  The  effect  of  the  expanding  concave  mirror 
is  well  shown  by  the  coupling  efficiency  as  shown  in  Fig. 
3(d).  The  extraction  power  increases  more  than  10  %, 
sometimes  60  %  for  the  case  of  lower  Fresnel  number. 


Fresnel  number 


Fresnel  number 


Fig.2.  Extraction  power  ratio  (a),  diffraction 
power  ratio  (h),  and  coupling  efficiency  (c) 
versus  Fresnel  number  for  various  M  value 
in  the  passive  resonator. 


Fig.3.  Extraction  power  ratio  (a),  diffraction  power 
ratio  (b),  total  power  ratio  (c),  and  coupling 
efficiency  (d)  versus  Fresnel  number  for 
various  a^p/aj  in  the  passive  resonator. 


4.  FOR  THE  CO^  LASER 

As  the  effect  of  the  expanding  concave  mirror  becomes  clear  for  the  passive  unstable  resonator,  the 
calculations  are  performed  for  the  CO^  laser.  The  relative  internal  and  output  powers  versus  Uip/a,  are  shown 
for  various  M  value  and  N  number  in  Figs.  4  (N  =  10)  and  5  (M  =1.5).  These  powers  are  normalized  by 
the  power  at  the  value  of  a,  chosen  by  the  M  value.  The  internal  power  is  determined  by  the  M  value  and 
N  number.  Then  the  relative  internal  power  almost  constant  without  a,p/ aj.  On  the  other  hand,  the  relative 
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output  power  increases  rapidly  with  increasing  ajp/ a^  through  1.4  and  increases  almost  linearly. 

The  expanding  concave  mirror  is  effective  for  smaller  M  value  and  smaller  N  number.  In  the  case  of 
smaller  M  value,  the  width  of  the  output  beam  is  thinner  and  the  diffraction  power  is  larger.  For  smaller 
N  number,  the  diffraction  power  is  also  larger.  According  to  the  calculations,  more  than  20  %  of  the  output 
of  the  CO2  laser  can  be  expected  with  the  expanded  concave  mirror. 


3ip/ 3, p/a, 

Fig.4.  Relative  internal  power  and  relative  output  Fig.5.  Relative  iiitemal  power  and  relative  output 
power  versus  a,  for  various  M  value  power  versus  a^^/a^  for  various  Fresnel 

in  the  CO2  laser  (N  =  10).  number  in  the  COj  laser  (M  =  1.5). 

5,  CONCLUSION 

In  the  case  of  the  stable  resonator,  the  best  size  and  the  transparency  of  the  resonator  could  be 
approximately  obtained  analytically  for  a  given  laser  medium.  But  the  best  M,  N,  aj,  aj  etc.  could  not  be 
determined  analytically  in  the  unstable  resonator. 

We  proposed  the  methods  to  obtain  higher  power  from  the  laser  with  the  unstable  resonator,  the 
expansions  of  the  concave  mirror.  The  calculations  showed  that  the  increase  of  the  output  power  can  be 
obtained  more  than  20  percent  with  the  expanding  concave  mirror  in  the  CO2  laser.  However,  the  parameters 
for  the  highest  output  power  could  not  decide  analytically.  For  designing  the  best  resonator,  for  any  given 
laser  medium,  we  must  calculate  the  power  with  changing  those  parameters  to  decide  the  be.st  ones. 

In  anyway,  we  believe  the  unstable  resonator  has  become  more  useful  with  new  design  method  presented 
here. 
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ABSTRACT 

The  mode  coupling  of  hollow  infrared  optical  fibres  was  investigated  as  a  fimction  of  beam  launching  conditions,  i.e.  fibre 
transverse  and  longitudinal  misaligmnent  and  tilting.  Experimental  results  with  a  TEMqo  CO2  laser  and  hollow  sapphire 
and  dielectric  coated  metallic  waveguides  are  compared  with  geometrical  optics  and  mode  coupling  theories. 

Keywords:  optical  fibres,  CO2  beam  delivery,  hollow  waveguide,  laser  beam  delivery 

1  INTRODUCTION 

Hollow  fibres  have  been  developed  for  laser  beam  delivery  for  the  long-wavelength  radiation,  especially  for  10.6pm  CO2 
lasers'.  They  are  normally  large  core  and  have  a  high  loss  compared  with  solid  core  glass  fibres.  Although  large  core  size  is 
necessary  for  high  power  transmission,  the  disadvantage  of  a  large  core  size  is  the  degradation  of  beam  quality.  CO2  lasers 
can  provide  much  higher  power  at  hi^  beam  quality  compared  with  other  laser  sources,  but  when  delivered  through  large 
core  waveguides  the  beam  normally  becomes  multimode  and  low  quality.  Bend-induced  mode  coupling  and  launching 
conditions  are  the  main  factors  contributing  to  beam  degradation.  Although  the  bend  parameters  can  be  configured  to 
reduce  the  mode  coupling  effect^,  accurate  launching  at  the  input  is  necessary  to  make  them  effective.  The  effect  of 
transverse,  longitudinal  and  tilt  misalignment  on  the  power  transmission  and  beam  profiles  are  investigated  .  Theories  of 
mode  coupling  and  geometric  optics  are  compared  for  predictions  of  power  transmission. 


2  THEORY 

Geometrical  optics  and  mode  coupling  theory  have  been  used  to  evaluate  the  output  transfer  property  of  optical  fibres^’"*. 
When  the  munber  of  modes  is  small  mode  coupling  theory^  can  be  used  to  match  the  input  Gaussian  beam  to  individual 
waveguide  modes,  therefore  providing  information  for  overall  power  transmission  and  be^  profiles  for  waveguide  modes. 
But  the  calculation  of  mode  matching  is  time  consuming,  especially  when  a  large  number  of  modes  are  involved,  and  is 
therefore  appropriate  when  only  few  guided  modes  have  to  be  considered. 


In  this  section  the  mode  coupling  theory  is  used  to  calculate  modal  excitation  as  well  as  power  transmission  as  a  function  of 
Tnicalignmpnt  and  the  geometric  optics  is  used  to  estimate  power  transmission  only,  as  it  is  not  suitable  for  estimate  beam 
profiles  in  this  case  with  high  quality  input  beam. 


In  mode  coupling  theory,  the  power  coupling  efficiency  into  an  individual  waveguide  LP/  ^  mode  can  be  written  as® 

I2;ra  ’  P 


7/  „  {launch  parameter) 


J  I  e{r,  6,  parameter)  •  LPi  „  {r,  0)  •  rdrM 
_ o_o _ ^ _ 1 _ 

I  \{e{r,6,paramete?i)^ rdrd9\  ]e{r)\LPi  j„{r,0^rdrd0 
00  00 


where  the  e(r,  6,  parameter)  is  the  field  of  the  input  beam,  r  and  0  are  the  radius  azimuthal  angle  coordinates,  a  is  the  fibre 
core  radius,  and  the  parameter  represents  variables  of  laimching  aligrunent  which  could  be  transverse,  longitudinal  or  tilt 
misalignment.  This  analysis  could  be  time  consuming  if  the  number  of  expected  modes  is  large.  In  view  of  this  it  is  rather  a 
less  efficient  way  of  predicting  total  transmission  as  a  function  of  launching  conditions.  On  the  other  hand  the  mode 
coupling  theory  is  a  simple  way  of  investigating  the  proportion  of  power  in  a  particular  waveguide  mode  coupled  into  the 
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waveguide  as  a  iunction  of  launching  conditions.  The  normalised  coupling  efficiency  for  longitudinal,  transverse  and  tilting 
misalignments  were  calculated  for  the  first  nine  modes  for  different  launch  spot  sizes. 


Theory  shows  that  a  large  number  of  modes  are 
excited  when  the  diameter  of  the  input  laser  spot  is 
small  (0.2  of  the  core  diameter);  the  nine  modes 
included  in  the  calculation  only  contain  less  than 
90%  of  the  beam,  even  when  there  is  no 
misalignment.  The  power  in  the  fiindamental  mode 
(LPo  7)  is  low.  Hence  this  is  apparently  a  favourable 
launching  condition  for  mode  scrambling.  For  small 
transverse  misalignment  (<0.3  of  core  radius)  the 
condition  for  the  best  output  beam  quality  is  when  the 
spot  size  to  core  ratio  matches  that  of  the  best 
laimching  condition  in  the  accurately  aligned  case, 
i.e.  0.64  of  the  core  size  as  shown  in  fig.l.  But  when 
the  displacement  is  large  (>0.4  of  core  radius)  a 
larger  laimching  spot  size  is  preferable.  The  output 
beam  is  generally  multi-peaked.  Figure  2  shows  that 
the  mode  structure  is  relatively  less  sensitive  to  the 
longitudinal  misalignment.  The  change  in  modal 
power  distribution  is  very  small  in  the  displacement 
range  of  up  to  millimetres  irrespective  of  the 


Displacement  (a) 


(D^/a  =  0.64 

Figure  1  The  coupling  efficiency  in  the  presence  of  transverse 
misalignment,  where  Oq  is  the  beam  spot  radius. 


launching  spot  size.  Because  of  axial  symmetry,  theoretically  only  LPo,/w  n^odes  exist.  The  spot  to  core  ratio  of  0.64  is  still 
the  best  when  the  tilt  angle  is  small,  but  for  large  angles  of  tilting  a  sm^ler  spot  size  might  be  preferable  for  efficient  power 
transmission. 


When  a  large  number  of  modes  exist  in  a  low  loss  fibre,  geometric  optics  can  be  used  to  calculate  power  transmission,  i.e. 
the  total  power  launched  into  the  fibre,  the  total  coupling  efficiency,  ritotai  may  be  written  as: 

2jpa 

iJuitaii^ounch  parameter)  =  J  J  e{r,  6,  parameter^'  rdrdd 

0  0 

From  the  intrinsic  nature  of  the  two  theories  ,  geometric 
optics  would  give  an  optimistic  result  for  overall  power 


transfer,  and  the  mode  coupling  theory  gives  a  pessimistic 
one,  depending  on  the  number  of  modes  included  in  the 
calculation;  therefore  it  is  expected  that  the  actual  power 
transmission  would  fall  somewhere  in-between. 

3  EXPERIMENT 

In  the  experiment  a  sealed,  linearly  polarised  CO2  laser 
with  a  nearly  TEMqq  beam  (M^  <  1. 10)  was  used  and  the 
wavelength  is  stabilised  at  10.6  pm.  Two  sapphire  hollow 
fibres  with  core  diameters  of  0.4  mm  (2.1  dBm'*  loss)  and 
1.1  mm  (0.3  dBm'*  loss)  were  used  to  study  the  effects  of 
fibre  misalignment.  A  1.0  mm  diameter  core  silver  halide 
coated  silver  waveguide  with  loss  of  0.2  dBm'*  was  used 
to  investigate  the  effects  of  fibre  tilting.  A  pair  of  75  mm 
focal  length  ZnSe  lenses  were  used  to  change  the  beam 
spot  size  at  launching.  The  input  and  output  power  were 


0  16  32  48  64  80 


Displacement  from  the  waist  (mm) 
coQ/a  =  0.64 

Figure  2  Coupling  efficiency  as  a  fimction  of  the  longitudinal 
misalignment  of  the  1.1mm  core  diameter  fibre.  The  lines 


measured  with  a  thermopile  power  meter.  The  far  field  — ,  — ,  -  and  ' -  •  represent  the  total  coupled  power, 

output  beam  profile  from  the  fibre  was  recorded  with  a  LPq  1,  LPq  2  and  LPq  3,  respectively, 

pyro-electric  thermal  camera  and  then  digitised  and  stored 
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on  a  PC  for  subsequent  image  analysis.  During  the  experiments  the  fibres  were  mounted  on  a  metal  bar  and  remain  straight. 
The  ends  of  the  metal  bar  were  fixed  on  two  translation  stages  and  the  misalignments  were  achieved  by  adjusting  the  stages. 


4  RESULTS 

The  power  transmission  of  the  0.4mm  core  sapphire  fibre  is  shown  in  figure  3  as  a  function  of  transverse  misalignment. 
Similar  results  for  the  1.1mm  core 


sapphire  fibres  are  shown  in  figures  4. 
The  maximum  output  transmission  is 
60%  for  the  smaller  core  fibre,  which 
conesponds  to  the  theoretical 
transmission  value  for  the 
fundamental  waveguide  mode^»^. 
Compared  with  the  results  of  the  large 
core  fibre,  the  beam  profile  of  the 
smaller  core  fibre  is  relatively  less 
sensitive  to  the  change  of  launching 
condition,  while  the  power 
transmission  falls  faster  with 
transverse  misalignment  than  for  the 
1.1  mm  core  fibre.  Two  groups  of 
theoretical  curves  are  also  shown  in 
figure  3;  they  are  from  mode  coupling 
and  geometric  optics  theory.  The 


mode  coupling  theory  included  the  Transversal  displacement  (ym) 

fundamental  mode  only.  It  is  shown 

that  the  experimental  results  fall  in-  Figure  3  The  power  transmission  of  the  0,4  mm  core  fibre  as  a  function  of 
between  the  two  theories.  The  mode  transverse  misalignment.  (  ,  O),  (  ,  □)  and  (  ,  A)  represent  the  results 


coupling  theory  under-estimated  the  for  values  of0.40, 0.60  and  0.87  respectively, 
transmission  and  the  geometric  optics 


over-estimated. 


The  power  transmission  of  the 
1.1mm  core  sapphire  fibre  for  the 
transverse  misalignment  agrees  well 
with  the  geometrical  theory  as  shown 
in  the  figure  4.  The  output  profile 
changes  more  evidently  with 
transverse  misalignment  than  with 
the  smaller  core  fibre.  The  multiple- 
peak  profile  can  be  observed  for  the 
launch  beam  with  small  spot  size  and 
this  feature  is  not  evident  in  the  small 
core  fibre,  indicating  a  low  modal 
differential  loss  in  the  large  core  fibre 
and  hence  more  modes. 


In  both  cases,  the  large  and  small  Tranverse  displacement  (ym) 

core  fibres,  the  output  transmission  Figure  4  The  power  transmission  of  the  1.1  mm  core  versus  fibre  transverse 

and  profiles  are  less  sensitive  to  misalignment.  (  ,  O),  ( - ,  □)  and  (  ,  A)  represent  the  results  for 

longitudinal  alignment  than  the  values  of  0.32,  0.60  and  0.8  respectively, 

transverse  one  and  remain  unchanged 
for  a  relatively  long  distance  in  the 
range  of  millimetres. 
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Figure  5  shows  the  beam  profile  as  a  function  of  tilting  for  the  1mm  diameter  core  dielectric  coated  metallic  waveguide.  The 
transmission  is 
approximately 
constant  for  tilt 
angles  up  to  about 
10  mrad  and  falls 
dramatically  for 
larger  angles. 

The  beam  pattern 
gradually  changes 
from  a  single 
peak  to  a 
distinctive  two- 
peak  one  with 
resemblance  to 
the  LPj  j  mode  with  nearly  constant  transmission. 

5  DISCUSSION  AND  CONCLUSIONS 

The  intrinsic  differential  loss  of  the  small  core  fibre  is  one  of  the  factors  that  controls  the  output  beam  profile.  Because  of 
the  high  modal  loss,  the  small  core  fibre  seems  to  have  a  more  uniform  output.  The  influence  of  the  launching  condition  on 
the  output  is  reduced  by  the  reduction  of  higher  order  modes.  The  draw-back  is  that  the  overall  transmission  is  low. 

In  the  case  of  large  core  low  loss  fibre,  most  of  the  modes  excited  can  be  transmitted  through  the  fibre,  therefore  any  rhangp 
in  the  launching  condition  would  produce  a  change  in  the  output  profile,  which  normally  results  in  a  beam  with  multiple 
peaks.  The  total  power  transmission  is  relatively  less  sensitive  to  the  launching  condition. 

The  mode  coupling  theory  can  be  used  to  estimate  the  mode  distribution  at  the  input,  and  is  useful  particularly  for  small 
core  fibres  where  few  modes  exist.  It  is  also  preferable  in  estimating  the  power  transmitted  in  a  small  core  fibre,  when 
geometric  optics  theory  gives  an  over-estimate.  However,  geometrical  optics  can  be  used  for  prediction  of  power 
transmission  for  large  core  low  loss  fibres,  and  is  simple  and  fast  in  calculation. 
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Figure  5  The  change  of  far-field  profile  of  output  beam  fi'om  1.0  mm  core  diameter  fibre  with  the] 
fibre  tilting  angle. 
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ABSTRACT 

We  present  a  method  and  results  of  modelling  of  the  large-area  C02  lasers,  including  gain 
saturation  and  dephasing  effects.  Numerical  calculations  are  based  on  iterative  evaluating  of  Fresnel-Kirchoff  integral 
using  fast  convolution  algorithm. 

Keywords:  modelling  of  lasers,  numerical  modelling,  numerical  simulation  of  lasers,  laser  simulation,  unstable 
resonator.  Diffractive  Optical  Element  (DOE)  resonator,  Talbot  resonator,  laser  simulation,  laser  resonator  synthesis, 
Graded  Phase  Mirror  (GPM) 


1.  INTRODUCTION 

The  need  for  determination  of  transverse  mode  parameters  in  the  large-area  laser  media  stimulates  the  development 
of  modelling  techniques.  An  effective  method  of  simulating  laser  operation,  with  non-linear,  distributed  gain  included  into 
model  has  been  developed.  As  a  result  of  this  procedure,  a  realistic  estimate  of  laser  beam  profiles  and  their  output  powers 
have  been  obtained. 

Slab-waveguide  cavities  are  comparatively  novel  resonator  designs  for  molecular  lasers.  They  are  characterized 
by  an  unusual  aspect  ratio  (very  long  slab  of  large  width  and  very  small  height).  Since  in  the  transverse  direction  the  mode 
is  always  a  low-order  waveguide  mode,  it  is  possible  to  separate  the  orthogonal  dimensions  and  consider  only  the  free-space, 
lateral  dimension  in  the  model,  which  greatly  reduces  the  computational  complexity. 

Computations  were  carried  out  by  iterative  propagation  of  the  beam  profile  within  the  laser  cavity.  The  modelling  was 
aimed  at  including  the  effects  of  saturable  gain,  noise  (spontaneous  emission)  and  reflecting  sidewalls  on  the  beam  profile. 
Matlab®  computational  software  was  used  for  all  calculations. 

Propagation  of  the  beam  profile  was  performed  by  iterative  evaluating  the  Fresnel-Kirchoff  integral  for  ffee-space  using 
fast  convolution  method  [1].  Nonlinear,  saturable  gain  was  included  in  the  form  of  multiple  thin-film  model,  with  gain 
characteristics  updated  after  each  layer  according  to  the  saturation  curve.  Other  effects  like  reflections  from  sidewalls, 
irregularities  of  the  mirror  surfaces,  and  roughness  of  sidewalls  have  also  been  included.  As  the  calculations  were 
performed  on  densely  sampled  beam  profiles  and  the  effort  was  put  for  minimizing  the  errors  of  the  method, 
the  simulation  results  are  believed  to  model  the  experimental  behavior  more  accurately.  Both  near-field  and  far-field 
patterns  were  obtained. 

A  gaussian  resonator  has  been  modelled  and  the  free  spectral  range  tuning  for  single-frequency  model 
was  demonstrated.  Unstable  confocal  resonators,  both  positive  and  negative  branch,  have  been  modelled  and  were  checked 
against  the  results  published  previously.  An  attempt  was  made  to  model  a  resonator  with  Talbot  filtration  and  another  one 
using  diffractive  optical  element  (DOE).  The  results  agreed  well  with  experimental  data,  especially  for  the  DOE  resonator. 
The  modelling  technique  presented  is  an  efficient  tool  for  evaluation  of  properties  of  slab  resonators,  and  can  find 
applications  in  modelling  and  design  of  resonators  for  slab-waveguide  CO2  lasers  for  lidar,  Inter-Satellite  Links  (ISLs)  for 
Space  Communications,  industrial  applications  (cutting,  welding,  marking,  etc.),  medical  applications  (surgery). 


SPlEVoI.  3092  •  0277-786X/97/$10.00 


325 


2.  METHOD  OF  MODEIXING 


Propagation  of  the  beam  profile  was  performed  by  calculating  Fresnel-Kirchofif  integral  for  one-dimensional 
propagation,  in  the  form  shown  below  (Eqn.  1) 

where; 

u(x,z^  -  beam  profile  after  propagation 

-  initial  beam  profile  (complex  amplitude) 

- - — _  >  propagation  kernel 

vK^o.zo) 

The  Fresnel-Kirchoff  integral  accurately  describes  propagation  between  apertures  within  and  at  ends  of  the  laser 
medium.  It  can  be  converted  to  a  convolution,  and  then  evaluated  with  low  numerical  complexity  using  fast  convolution 
algorithm.  In  order  to  obtain  accurate  numerical  results,  guard  bands  at  both  sides  of  each  aperture  have  to  be  provided,  and 
sampling  requirements  have  to  be  met  [2].  Correct  numerical  realisation  of  fast  convolution  ensures  errors  at  the  level  of 
these  of  the  numerical  coprocessor  involved  [3].  The  only  errors  that  have  to  be  accounted  for  are  sampling  (aliasing)  error, 
and  Fresnel  zones  enor  Integral  (1)  is  evaluated  iteratively  using  fast  convolution  algorithm  at  several  cross-sections  of  a 
laser  beam  within  ihe  laser  cavity.  Additional  phenomena  (gain,  reflections,  etc.)  are  included  after  each  iteration.  To 
improve  accuracy  ui  modelling  gain  saturation  the  gain  medium  is  divided  into  sections.  As  the  gain  medium  is  a  slab,  and 
the  beam  profile  in  the  narrower  dimension  is  well  defined  EHl  waveguide  mode,  one-dimensional  approach  correctly 
models  slab  geometry,  yielding  information  about  the  profile  in  the  wider  dimension.  Similarly  to  previously  published 
results  of  modelling,  the  simulation  is  single-firequency,  but  it  has  been  checked  that  there  is  a  possibility  of  creating 
linewidth  (multi-frequency)  simulation,  although  that  requires  significantly  more  computational  effort.  Both  phase-sensitive 
and  phase-insensitive  simulations  were  carried  out,  giving  information  about  the  modes  supported  by  mirror  combinations, 
and  about  what  happens  when  a  laser  is  tuned.  Free  Spectral  Range  Tuning  was  demonstrated  for  gaussian  resonator.  The 
model  allowed  to  correctly  estimate  output  powers  of  various  resonator  configurations.  In  particular,  output  beam  shape  and 
power  for  a  Diffractive  Optical  Element  resonator  was  correctly  predicted. 

A  range  of  physical  phenomena  were  included  into  modelling.  These  are  non-linear,  saturable  gain  (thin-film  gain 
model,  gain  medium  divided  into  sections,  gain  value  updated  individually  at  each  point  according  to  the  intensity 
of  electromagnetic  wave  at  this  point  [2]),  spontaneous  emission  (modelled  in  the  form  of  complex  noise  added  to  beam 
profile  after  each  propagation  of  the  beam),  reflecting  sidewalls  (modelled  by  mirroring  of  the  fragments  of  the  beam 
responsible  for  waveguide  propagation  after  each  section  of  a  laser),  temperature  gradients  and  other  dephasing  factors 
(simulated  by  multiplication  of  complex  beam  amplitude  profile  by  the  phase  profile  of  an  irregularity,  done  after  each 
section  of  a  laser),  and  irregularities  of  mirror  surfaces  and  roughness  of  cavity  walls  (represented  by  random  phase  added  to 
each  mirrorAvall  phase  profile). 


3.  RESULTS  OF  MODELLING 


3.1.  Laser  with  Fabry-Perot  resonator.  This  laser  has  been  simulated  with  ideally  aligned  mirrors,  and  with  one  of 
the  mirrors  tilted.  (lOOprad).  Output  beam  intensity  shapes  for  these  two  cases  are  shown  below  (Figure  1).  It  can  be  seen 
that  even  for  small  mirror  tilts  the  beam  quality  is  degraded  and  output  power  decreases  rapidly. 


Figure  1 .  Output  beam  intensity  profile  for  a  Fabiy-Perot  resonator  with  ideally  aligned  and  with  tilted  mirrors 
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3,2.  Free  Spectral  Range  Tuning  of  a  laser  with  gaussian  resonator.  Example  shows  changes  in  modal  structure 
of  the  beam  profile  when  a  gaussian  resonator  is  tuned  within  half  of  the  operating  wavelength,  are  shown  in  Figure  2.  The 
aperture  of  the  gain  medium  was  sufficient  to  operate  in  modes  higher  than  fundamental. 


Figure  2.  Free  Spectral  Range  Tuning  of  a  gaussian  resonator. 

3.3,  Confocal  unstable  resonator  -  positive  branch.  Laser 
parameters:  length=400mm,  width=30mm,  height=2mm, 
magnification=1.16,  saturation  intensity  Isat=6kW/cm^  ,  small- 
signal  gain  2a=0.3.  Output  beam  of  a  slab  C02  laser  with 
unstable,  positive  branch  resonator  is  shown  in  Figure  4. 
The  result  agrees  well  with  experimental  data. 
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Figure  4.  Output  beam  profiles  for  a  laser  with  confocal,  unstable  resonator  (positive  branch). 
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3.4.  Diffractive  Optical  Element  (DOE)  resonator. 
The  DOE  used  was  a  planar  mirror  with  1pm  deep 
phase  profile  etched  in  it.  The  phase  profile 
corresponds  to  a  spherical  mirror  radius  twice 
the  resonator  lengtih.  The  results  obtained 
by  numerical  simulation  agree  well  with  experiments 
carried  out  at  Optolectronics  and  Laser  Engineering 
Group,  Heriot-Watt  University. 
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Figure  6.  Output  beam  intensity  and  phase  for  a  laser  with  DOE  resonator. 


4.  CONCLUSIONS 


Variety  of  new  resonators  has  been  modelled,  and  new  phenomena  were  included  into  modelling.  The  model  is  believed 
to  have  improved  accuracy  as  compared  to  previously  published.  Calculations  of  output  power  of  a  laser  became  possible. 
Both  near-field  and  far-field  patterns  are  obtainable.  The  model  presented  good  agreement  with  experimental  results. 
In  particular,  a  successful  simulation  of  a  Diffractive  Optical  Element  (DOE)  resonator,  is  worth  mentioning.  The  method 
of  modelling  and  accuracy  of  the  model  opens  the  way  to  synthesis  of  laser  resonators  yielding  output  beam  of  arbitrary 
shape. 
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ABSTRACT 

Calculations  of  the  waveguide  mode  coupling  losses 
due  to  free  space  propagation  between  the  waveguide  end¬ 
ings  and  the  resonator  mirrors  of  a  coaxial  Cu-waveguide 
will  be  presented.  The  results  show  that  the  mode  coup¬ 
ling  losses  have  a  strong  influence  on  the  mode  selection 
in  a  coaxial  waveguide  laser. 


1.  INTRODUCTION 

Calculations  of  the  mode  propagation  losses  of  a  co¬ 
axial  Cu-waveguide  used  in  a  diffusion  cooled  C 02-laser 
show,  that  for  higher  order  (>  15)  azimuthal  modes,  the 
mode  with  the  lowest  radial  mode  number  is  not  the  one 
with  lowest  propagation  loss.  This  is  in  contradiction 
to  the  results  of  experiments  on  such  a  laser  system, 
which  were  performed  in  cooperation  with  the  ITP- 
DLR,  Stuttgart  (see  ’’High  Power  Coaxial  CO2  Wave¬ 
guide  Laser”).  These  results  show  that  even  for  higher 
order  azimuthal  modes  in  radial  direction  always  the 
basic  mode  is  observed. 

To  explain  this  discrepancy  between  theory  and  ex¬ 
periment,  the  coupling  losses  are  taken  into  considera¬ 
tion.  Including  these  losses  in  the  round  trip  losses,  one 
has  to  calculate  the  free  space  propagation  of  the  field 
components  of  the  waveguide  modes  from  the  waveguide 
endings  to  the  resonator  mirror  and  back  to  the  wave¬ 
guide.  Figure  1  shows  schematically  the  geometry.  The 
resulting  coupling  losses  follow  from  the  calculation  of 
the  overlap  integral  of  propagated  field  components  with 
the  waveguide  mode  components.  A  large  amount  of  lit¬ 
erature  exists  treating  the  problem  of  coupling  losses  (see 
e.g}). 

Difficulties  in  calculating  the  free  space  propagation 
inside  the  resonator  probably  arise  from  the  fact  that 
the  ratio  of  waveguide  diameter  to  waveguide  gap  is  in 


Freespace- 
Propagation 
Distance  d 


Figure  1:  Schematic  setup  for  coupling  loss  calculations 


the  order  of  40  and  the  distance  between  waveguide  end¬ 
ing  and  resonator  mirrors  is  of  the  same  order  of  magni¬ 
tude  as  the  gap  resulting  in  a  large  Fresnel  number.  The 
premises  of  the  Fresnel  approximation  normally  used  in 
this  case  are  not  strictly  fullfilled  and  one  has  to  be 
carefull  using  this  approximation. 

Two  methods  to  calculate  the  free  space  propagation 
of  the  waveguide- modes  in  the  gap  between  waveguide 
and  resonator  mirrors  will  be  discussed. 

The  first  method  is  based  on  the  decomposition  of 
the  mode  fields  in  cylindrical  wave  functions,  which 
are  solutions  of  the  wave  equation  in  cylindrical  coor¬ 
dinates.  The  advantage  of  this  method  is,  that  it  is 
an  exact  solution  of  the  wave  equation.  The  disadvan¬ 
tage  of  awkwardness  and  slowness  limits  the  use  of  this 
method  in  laser  mode  calculations,  but  for  simple  cases 
(e.g.  Dual  Case  I  configuration  with  plane  mirrors)  the 
results  could  be  used  as  a  reference  to  those  of  the  se¬ 
cond  method.  The  second  method  is  based  on  the  Fres¬ 
nel  integral  in  cylindrical  coordinates,  which  is  much 
faster. 

The  two  Methods  will  be  decribed  in  the  next  sec¬ 
tion. 
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2.  CALCULATION  OF  COUPLING 
LOSSES 


2.1.  Coupling  losses 


Let  denote  the  electrical  field  of  a  waveguide 
mode  with  radial  mode  number  w  and  azimuthal  mode 
number  I  after  free  space  propagation  from  a  waveguide 
ending  to  the  resonator  mirror,  transformation  by  the 
mirror  and  back  propagation  to  the  waveguide  ending. 
Then  the  (self-) coupling  efficiency  Xwi  of  E!^i  into  a 
waveguide  mode  with  the  same  radial  and  azimuthal 
mode  order  can  be  calculated  from  the  overlap  integral 
for  an  absorbing  waveguide^ 

I 

Xwl  —  ^  ~7~7^ 

Jf  Et^wl  ^t,wl 

A 

where  the  index  t  denotes  the  transversal  components  of 
the  fields  and  A  is  the  cross  sectional  area  of  the  coaxial 
waveguide.  The  coupling  losses  are  defined  as 

Twi  =  1  -  Ixwil"^  (2) 

2.2,  Consideration  of  polarization 

The  electrical  field  of  a  cylindrical  waveguide  mode 
possesses  the  same  symmetry  as  the  waveguide.  Since 
the  waveguide  gap  is  large  compared  to  the  wavelength, 
the  2r-components  of  the  electric  and  magnetic  field  are 
small  compared  to  the  other  components,  the  field  is 
assumed  to  be  transversal  electromagnetic  (TEM).  In 
this  case  the  x-  and  t/— polarized  components  propagate 
independently  and  the  TEM-field  after  a  propagation 
distance  d  follows  from  the  superposition  of  the  sep¬ 
arately  propagated  cartesian  components.  Between  the 
cartesian  and  polar  coordinate  field  components  the  fol¬ 
lowing  relation  holds: 

E.M  -  (3) 

Ey,^i  =  i  (-*«+, 

(4) 

where 

^ ^  (b) 

^The  complex  conjugate  refers  only  to  the  azimuthal  part  of 

the  field,  for  the  radial  part  the  unconjugated  version  has  to  be 
used^ 


and  Ur^wi  and  represent  the  r-depending  part  of 

the  r  and  tp  respectively  component  of  the  electric  field. 
As  can  be  seen  from  the  equations  above,  the  problem 
of  calculating  the  propagation  x-  and  ^-components  is 
reduced  to  the  propagation  of  expressions  of  the  form 
u±^wiexp{i{l  ±  l)(p). 


2.3.  Methods  for  free  space  propagation 


In  order  to  calculate  the  mode  coupling  losses 
the  free  space  propagation  of  expression  of  the  form 
E(r,  (p,  0)  —  u{r)  exp{ilip)  along  a  distance  d  between 
to  parallel  planes  orthogonal  to  the  propagation  axis 
has  to  be  calculated. 

The  first  method  bases  on  a  representation  of  the 
source  field  by  linear  combination  of  elementary  cylin¬ 
drical  wave  function,  which  are  the  solutions  of  the  wave 
equation  within  a  homogeneous,  isotropic  domain.^ 

oo 

E'{r,ip,d)=  j  U{ki)i)i^kt{'r,ip,d)ktdkt,  (6) 


where 

Ji{ktr)  exp(iyfcL^^)  ('^) 

is  the  elementary  cylindrical  wavefunction  and  Ji  de¬ 
notes  the  Bessel  function  of  first  kind.  The  weighting 
factors  U{kt)  of  the  elementary  wave  functions  follow 
from  the  Fourier-Bessel  transform  calculated  at  z  —  0^ 

oo 

U{kt)  =  j  u{r)  Ji{ktr)rdr  (8) 

0 


The  second  method  is  based  on  the  Fresnel  integral 
in  cylindrical  coordinates,  which  is  applied  on  the  radial 
part  u  only.  In  the  configuration  under  investigation 
the  argument  is  much  larger  than  the  azimuthal 

order  I  and  the  halfwidth  of  the  ring  is  much 

smaller  than  the  mean  radius  tq  =  — (see  fig.  1). 
In  this  case  an  asymptotic  expansion  for  the  Hankel 
function  can  be  used.^ 


ikp 
27t  d 


{g'-\-To)e 


X 


/ 


u{g  +  ro)  \/g  +  ro  exp(-i  ko 


(q^  -  er 

2d 


)dQ.  (9) 
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where  Pik  are  polynom  coefficients  with 
PiQ  =  1,  and 

Pik  =  Pik-i-^\4f -{2k-lf\  for  k>0. 

An  analysis  of  the  necessary  sampling  density  leads  to 
the  result  that  for  equally  space  discretisation  points 
the  condition  for  the  minimum  number  N  of  samples 
is  given  by  >  4^^.  In  the  configuration  considered 
here  the  number  N  should  be  larger  than  400. 


The  diffraction  integral  can  also  be  interpreted  as 
the  convolution  of  the  quadratic  exponential  term  with 
the  function  u{g  H-  ro)^/^~+To.  Since  the  Fourier  trans¬ 
form  of  the  exponential  term  can  be  calculated  analyti¬ 
cally  (see  e.gA)  the  convolution  can  be  performed  by 
application  of  the  well  known  convolution  theorem. 


u'{q'  +ro)=e-^>^»‘‘Yl 


T  {«(^  +  ro)  v''F+r^}|,  exp 


Due  to  the  inverse  relation  between  spatial  and  fre¬ 
quency  spacing  the  condition  defines  an  upper  limit  for 
the  number  of  sampling  points  N  <  4^^.  In  this  case 
an  additional  lower  limit  of  N  is  following  from  the  con¬ 
dition  that  the  spacing  has  to  be  narrow  enough  to  de¬ 
scribe  the  source  and  destination  field  properly.  The 
advantage  of  this  method  lies  in  the  lower  number  of 
required  discretisation  points.  For  the  calculation  of 
the  Fourier  transform  of  discrete  data  the  Fast  Fourier 
Transform  can  be  used. 


3.  NUMERICAL  RESULTS 


All  numerical  calculations  were  done  on  a  personal 
computer  using  C++  as  programming  language.  The 
calculation  of  coupling  losses  was  performed  for  a  co¬ 
axial  waveguide  made  of  copper  with  a  complex  re¬ 
fractive  index®  n=12  +  ?'50.  The  inner  and  outer  radii 
of  the  waveguide  were  28.5  mm  and  30.0  mm  respec¬ 
tively.  The  vacuum  wavelength  of  the  radiation  was 
A=10.6  /im.  The  waveguide  modes  were  calculated  fol¬ 
lowing  a  method  described  by  Ehrlichmann  et.al.^  The 
resulting  hybrid-modes  can  be  divided  into  transverse 
electric-like  (TE)  and  transverse  magetic-like  (TM)- 
types,  depending  on  their  main  polarization  being  az¬ 
imuthal  or  radial.’^  In  the  following  only  the  TE-mode 


will  be  regarded.The  TM-modes  can  be  neglected  due 
to  their  higher  propagation  losses.  The  following  fig¬ 
ure  2  shows  the  propagation  losses  of  the  modes  for  a 
waveguide  of  length  L=:0.53  m.  For  azimuthal  mode  or¬ 
ders  I  less  than  15  the  lowest  radial  mode  has  the  lowest 
propagation  loss.  But  with  increasing  I  the  modes  with 
higher  radial  mode  order  have  a  lower  propagation  loss. 


Figure  2:  Propagation  losses  of  TE- modes 


Figure  3  shows  the  calculated  coupling  losses.  The 
resonator  mirror  was  a  plane  mirror  and  the  distance 
between  waveguide  ending  and  mirror  was  2  mm.  The 
losses  were  calculated  with  the  cylindrical  wave  expan¬ 
sion,  using  128  sampling  points  in  the  spatial  domain 
and  8192  samples  in  superposition  integral  of  equation 
(6).  The  figure  shows  that  the  coupling  losses  are  in- 
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Figure  3:  Coupling  losses 

creasing  with  increasing  radial  mode  order.  The  depen¬ 
dence  of  the  azimuthal  mode  order  is  only  weak. 
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Figure  4  shows  the  combination  of  the  propagation 
and  coupling  losses  from  figures  2  and  3.  The  azimuthal 
mode  order  up  to  which  the  lowest  radial  mode  has  the 
lowest  losses  is  now  expanded  to  /  70  and  the  losses 

have  increased  by  a  factor  of  10  compared  to  the  pure 
propagation  losses. 


Figure  4:  Propagation  and  coupling  losses 

The  convolution  method  was  also  used  to  calculate 
the  coupling  losses.  In  order  to  compare  both  methods 
the  sampling  rate  was  again  chosen  as  128  points  in 
the  spatial  domain.  The  coupling  losses  calculated  by 
this  method  differ  only  slightly  from  those  calculated 
by  the  cylindrical  wave  method.  The  figure  5  shows  the 
relative  differences  of  the  coupling  losses  calculated  by 
both  methods.  The  values  differ  only  by  few  percent 
and  are  therefore  in  good  agreement.  Due  to  its  higher 
numerical  effort  the  cylindrical  wave  method  is  about  20 
times  slower  than  the  Fresnel  method.  This  fact  makes 
only  the  latter  usable  for  resonator  mode  calculations. 


Figure  5:  Difference  coupling  loss  values 


4.  SUMMARY 

The  comparison  of  the  results  of  the  two  methods 
shows,  that  the  Fresnel  method  could  also  be  used  for 
the  calculation  of  the  coupling  losses.  Furthermore  the 
calculations  indicate,  that  the  coupling  losses  are  of  the 
same  order  of  magnitude  as  the  propagation  losses  and 
favour  the  modes  with  lower  radial  mode  number.  Even 
for  higher  order  azimuthal  modes  the  lowest  radial  mode 
is  the  one  with  the  lowest  round  trip  losses. 
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ABSTRACT 

A  temporal  behaviour  of  a  phase  conjugation  reflectivity  R  at  degenerate  four-wave  mixing  (DFWM)  in  InSb  for  a  pulsed 
CO2  laser  radiation  is  theoretically  investigated.  It  is  shown,  that  R  at  a  transient  DFWM  is  determined  by  a  response  time  of 
a  nonlinear  medium,  Miich  depends  on  intensity  of  a  radiation,  and  can  be  some  times  higher  then  a  reflectivity  for  non- 
transient  condition. 


INTRODUCTION 

A  high  nonlinearity,  high  response  and  small  size  can  be  regarded  as  advantages  of  semiconductors  as  a  nonlinear 
component  of  a  PC  mirror.  That  is  why  a  great  attention  was  given  to  experimental  and  theoretical  investigations  of  DFWM 
for  a  CO2  laser  radiation  in  semiconductors^"^.  Up  to  now,  the  theoretical  investigation  of  DFWM  of  mid-IR  radiation  in 
semiconductors  were  applied  to  the  description  of  a  nontransient  process  experimentally  observed  fairly  frequently.  However, 
the  phase  conjugation  of  the  short  pulses  of  radiation  (~10"^  -  10'®  s)  can  be  the  practically  important  problem.  For  this  case 
the  consideration  of  transient  DFWM,  that  involes  the  final  response  time  of  nonlinearity  in  semiconductors,  becomes  very 
important.  This  problem  is  also  significant  if  one  uses  DFWM  as  a  diagnostic  method  of  semiconductor  parameters  (a 
concentration  of  impurities,  free  carriers  lifetime,  a  coefficient  for  two-photon  absorption  etc.),  so  far  as  a  temporal  behaviour 
of  a  PC  signal  at  DFWM  contains  much  more  information  about  the  medium  nonlinearity  than  nontransient  characteristics  of 
PC. 

The  properties  of  the  transient  DFWM  of  a  CO2  laser  radiation  in  semiconductor,  nonlinearity  of  which  is  stimulated  by 
two-photon  absorption  (TP A),  are  theoretically  investigated  in  the  paper.  The  calculations  and  theoretical  analysis  of  a  time 
behaviour  of  DFWM  are  carried  out  for  indium  antimonide  (InSb)  as  an  example.  In  this  semiconductors  free  nonequilibrum 
carriers  are  generated  owing  to  TP  A,  their  concentration  depending  on  intensity  of  radiation  This  research  work  was 
stimulated  by  the  theoretical  and  experimental  study  of  transient  DFWM  of  a  pulsed  CQ2  l^er  radiation  in  an  inverted 
medium^. 


A  DESCRIPTION  OF  THE  MECHANISM  OF  THE  NONLINEARITY 

Inasmuch  as  the  real  part  of  dielectric  constant  of  the  semiconductor  is  connected  with  a  free  carrier  concentration,  the 
nonlinearity  of  a  refractive  index  arises  at  absorption  of  laser  radiation.  The  process  can  be  represented  as  follows: 

dJ ^ S{ne) Sn,  (1) 

where  <X/,  Sp,  Sn  are  the  spatial-  temporal  variations  of  radiation  intensity,  concentration  of  holes,  electron  concentration 
and  refractive  index.  The  mechanism  of  refractive  index  nonlinearity  (phase  nonlinearity)  stimulated  by  generation  of  free 
carriers  at  TP  A  of  radiation  has  a  great  interest  for  DFWM  in  semiconductors. 

The  absorption  in  InSb  can  be  presented  in  the  following  form^: 

+  +0-ene  +  0-pP. 

where  is  the  coefficient  of  linear  absorption,  is  the  TP  A  coefficient,  (jp,e  is  the  cross-  section  of  absorption  on 
nonequilibrum  holes  and  electrons,  p  and  ne  are  the  concentration  of  nonequilibrum  holes  and  electrons,  ^(t)  is  the  profile  of 
radiation  pulses.  In  general  case  functions  ^j(t)  depend  on  longitudinal  coordinate  Z.  If  this  dependence  being  weak  it  is 
possible  to  use  values  of  these  functions  averaged  on  interaction  length. 

The  value  of  a  refractive  index  is  determined  by  a  free  carrier  concentration  in  semiconductor.  The  nonequilibrum 
holes  introduces  the  main  contribution  into  n  in  the  case  of  InSb,  because  for  InSb  Gq  «  C7p.  Thus  the  expression  for 
refractive  index  has  the  following  form; 
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n  ~ 


-  0.013  Wq 


(3) 


A 


Inc^nm^ 


-P  , 


where  X  is  the  wavelength  of  radiation,  e  and  are  the  charge  and  the  mass  of  an  electron,  c  is  the  speed  of  light  in  vacuum. 
The  value  of  p  can  be  found  from  kinetic  equation  for  nonequilibruni  holes: 

p  =  -_^L_  +  DV^p-  ^(ne0+  l^eXPo*^  p)  +  ^  ^0  Po  “ 

aX  2  nco  (4) 

-?7p(neo  +  neXPo  +  p)^  -?7e(n.o  +  nef(po  +  p)  +  ^pneoPo  +'7e«e\Po  > 

where  Ugo,  po  the  equilibrium  concentrations  of  electrons  and  holes,  D  is  the  coefficient  of  ambipolar  diffusion,  ^  is  the 
coefficient  of  radiative  recombination,  ?7e,  ?7p  are  the  coefficients  of  Auger  recombination  for  electrons  and  holes.  Further,  for 
clarity,  we  shall  consider  the  n  -  type  semiconductor  as  one  being  used  frequently  in  experiments.  We  shall  not  consider  the 
influence  of  the  trapping  centers  (we  assume  here  that  their  concentration  is  negligible)  on  free  carrier  kinetics,  i,e.  p  =  ne. 
The  value  of  in  (4)  can  be  neglected  because  the  mobility  of  electrons  is  of  some  orders  of  magnitude  higher  then  for 
mobility  of  holes.  Then  the  equation  (4)  can  be  written  in  the  following  form 

^  P  =  Iieo  +  ?7.  neo  -  D  v^)p  -  2(^  +  2  rj^  n,„)  p'  -  p' .  (5) 

Also  we  assume  the  classical  scheme  of  DFWM  to  take  place  in  our  case.  A  probe  wave  interferes  with  the  counter- 
propagating  pumping  waves  E\  and  E2  conjugated.  In  the  result  of  the  interferense  the  space  modulation  of  the  radiation 
intensity  takes  place: 

Eq  =  E^+ AE  =  E^+ (6) 
Tij  sxpl^icot  +  +  K.C.  (j  ~  1.  2,  3,  4) 


where  E4-  (E3)*  is  the  PC  wave.  A:  is  the  slowly  varying  complex  amplitudes,  co  is  the  frequency  of  radiation,  r  .  , 

K  j  is  me  wave 


vector.  A  condition  |  A3  |,  |  .4^  |  «  |  y4i  |,  |  ^^2  I  is  assumed  to  take  place  for  maintenance  of  the  qubic  nonlinearity  in 
semiconductor.  Then  the  variation  of  radiation  intensity  has  the  following  form: 

SJ  =2-^(EqAE)-  (^7) 

An  ^ 

We  shall  consider,  that  £0  and  EE  in  (4)  do  not  contain  high-frequency  temporal  oscillations  which  nonlinear  medium  has  no 
time  to  react  upon.  The  spatial-temporal  variation  of  radiation  intensity  induces  the  amplitude  and  phase  gratings  in  a 
nonlinear  medium  through  the  mechanisms  of  nonlinearity  described  above.  A  PC  wave  E4  is  formed  as  a  result  of  scattering 
of  pumping  waves  on  these  gratings. 

The  interaction  of  electromagnetic  waves  at  DFWM  is  described  by  nonlinear  Helmholz  equation.  Its  solution  has 
been  found  by  numerical  calculations  used  previously  for  nonlinear  medium  of  CO2  laser  As  a  result,  the  phase 
conjugation  reflectivity  was  calculated. 

The  values  of  relaxation  times  and  parameters  of  DFWM  we  have  taken  for  calculations  from  Thus,  for  the  sample  of 
n-InSb  with  a  concentration  of  equilibrium  electrons  neo-2*10^^cm’^  (T=300K)  let  /3i)=7cm'\  pn  =5.5cm-MW\  ^5- 10" 
^^cm^-s’'\  77e=10““^cm^s"\  aj=9*10''^^cnr.  In  addition  we  shall  take  the  angle  between  interacting  waves  0\3  »1°  and  the  time 
Td  «3  lO'  s.  Also  we  assume  that  the  second  pumping  wave  is  formed  by  reflection  from  mirror  and  interaction  length 
L„=0.05cm. 

A  temporal  behaviour  of  PC  reflectivity,  hole  concentration  p  and  for  rectangular  pulse  of  radiation  at 

various  pumping  wave  intensities  ./i  (0)  is  presented  in  Fig.  1.  The  PC  reflectivity  replicates  precisely  a  temporal  behaviour  of 
in  transient  part  for  a  weak  intensity  of  pumping  waves.  Maximums  are  observed  in  temporal  dependence  of  R 
and  at  the  higher  pumping  intensities.  Their  location  is  shifted  with  Ji  (0)  growth  to  the  origin  of  temporal  axis. 

A  shortening  of  a  transient  region  with  a  wave  intensity  increase  is  a  feature  of  temporal  behaviour  of  DFWM  (see  Fig.  2). 
The  dependence  of  maximal  transient  PC  reflectivity  R„iax  and  steady-state  one  R^t  on  intensity  of  the  first  pumping  wave  is 
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presented  on  Fig.  3.  The  behaviour  of  R^t  is  in  good  agreement  with  the  dependence  described  in  A  nontransient  functon  of 
the  PC  reflectivity  has  a  maximum  close  to  J\  (0)  IMW  cm'".  Unlike  Rst,  Rmax  continues  to  grow  with  intensity  increase. 
Thus,  the  transient  PC  reflectivity  can  reach  a  value  of  unit  at  a  certain  Ji  (0). 

THE  CONDITIONS  OF  EXPERIMENTAL  OBSERVATION  OF  TRANSIENT 
DEGENERATE  FOUR  WAVE  MIXING  IN  INDIUM  ANTIMONIDE 

Further  we  shall  briefly  discuss  main  conditions  for  an  experimental  observation  of  transient  DFWM  in  InSb.  As 
mentioned  above,  out  of  cavity  DFWM  is  more  convenient  for  this  purpose  because  an  optical  isolation  between  pulsed  CO2 
laser  and  PC  mirror  is  available.  In  such  optical  scheme  an  influence  of  a  semiconductor  optical  element  on  a  spatial- 
temporal  parameters  of  the  laser  radiation  is  excluded.  The  special  demand  for  experimental  setup  involves  a  high  response 
time  of  nonlinearity  of  the  semiconductor.  In  practice,  the  pulse  of  an  electron  beam  controlled  discharge  (EBCD)  CC)2  laser 
of  duration  up  to  20  -  30  ps  is  strongly  modulated  in  time  and  represents  a  sequence  of  short  spikes  of  different  amplitude 
which  are  the  result  of  longitudinal  modes  beating^  \  The  nonlinearity  of  the  medium  with  small  response  time  reacts  on 
each  spike  from  the  radiation  pulse.  Therefore  the  temporal  synchronization  of  pumping  and  probe  waves  should  correspond 
to  a  duration  of  a  single  spike  (the  shortest  of  them).  Then  each  spike  forms  a  phase  grating  and  accordingly  is  scattered  on  it 
with  a  PC  signal  formation.  Thus  one  can  expect  an  increase  of  a  degree  of  PC  radiation  modulation  with  respect  to  temporal 
modulation  of  pumping  wave,  because  PC  reflectivity  is  proportional  to  a  square  of  pumping  intensity.  For  more  complete 
experimental  investigation  of  PC  in  InSb  it  is  very  interesting  to  investigate  DFWM  of  a  series  of  regular  short  pulses  of  tC02 
laser  operating  at  a  mode-locking  regime.  This  regime  of  a  EBCD  CO2  laser  operation  can  arise,  for  example,  with  laser 
plasma  formation  near  the  surface  of  a  resonator  mirror^^.  The  EBCD  CO2  laser  with  plasma  mirror  generating  pulses  with 
duration  of  ^10  ns  with  period  of -100  ns  was  investigated,  for  example,  in  experiments  on  PC  at  DFWM  in  active  medium 
of  CO2  laser  (Fig.  4). 


CONCLUSIONS 

Temporal  behaviour  of  PC  reflectivity  of  short  pulses  of  a  CO2  laser  radiation  at  DFWM  in  indium  antimonide  is 
determined  by  the  kinetics  of  free  carrier  concentration. 

It  follows  from  the  calculations  for  the  pulses  of  radiation  of  duration  -  10'^  -10'^  s  that  in  transient  region  PC 
reflectivity  can  be  much  more  higher  then  maximum  steady-state  reflectivity.  The  maximum  value  of  transient  PC 
reflectivity  rises  with  growth  of  intensity  of  pumping  waves,  a  duration  of  transient  region  being  shortened. 

Both  the  intensity  of  radiation  and  lifetime  and  equilibrium  concentration  of  free  carriers  influence  strongly  on 
value  of  R^t  and  in  semiconductor.  This  dependence  can  be  used  for  diagnostics  of  semiconductor  materials. 
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Fig.  1.  Time-history  of  PC  reflectivity  R,  hole  concentration  p  and  (dp/dJ)^  in 
arbitrary  units  for  rectangular  pulse  of  radiation  at  different  intensities  of  the  first 
pump  wave  J\  (0): 

a).  0.03  MW/cm2,  b).  0.1  MW/cm2  ,  c).  0.5  MW/cm^  . 
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Fig.  2.  Dependence  of  transient  region  duration  on  the  Fig.  3.  PC  reflectivity  versus  first  pump  wave  intensity. 
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Fig.  4.  Time-history  of  a  probe  (a)  and  PC  signal  (b)  at  DFWM  of  radiation  of  EBCD  CO2  laser  with  plasma  mirror  in 
inverted  medium  obtained  by  A.lonin,  A.Kotkov,  L.Selesnev  (P.N.Lebedev  Institute,  Russia),  C.Beairsto,  R.Penny,  S.Squires 
(Directorate  of  Applied  Technology,  USA),  R. Walter  (W.J. Schafer  Associates.,  USA)  in  joint  experiments  at  Lebedev 
Institute. 
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ABSTRACT 

The  high  frequency  temporal  structure  of  probe  (laser)  and  phase  conjugation  (PC)  signal  under  intracavity  degenerate 
four-wave  mixing  (DFWM)  of  long  pulse  CO2  and  CO  laser  radiation  inside  their  inverted  medium  has  been  studied 
experimentally  with  nanosecond  resolution  over  the  full  pulse  length. 

Key  words:  CO2  laser,  CO  laser,  phase  conjugation,  four-wave  mixing,  temporal  structure,  nanosecond  resolution. 

1,  INTRODUCTION 

The  intracavity  DFWM  of  pulsed  CO  and  CO2  laser  radiation  involves  an  appearance  of  PC  signal  backscattered  relative 
to  a  probe  wave  The  PC  signal  is  proved  to  have  a  complicated  time  behaviour  ^  due  to  transient  mechamsms  of  formation 
of  diffraction  gratings  (saturated  gain  (or  amplitude)  grating  and  thermal  (or  phase)  one)  inside  an  active  medium.  The 
theory  describing  the  PC  process  and  the  experiment  itself^  dealt  with  relative  "smooth"  CO2  laser  pulses  not  taking  into 
consideration  the  high  frequency  (HF)  temporal  structure  on  the  round-trip  period  (RTP)  that  can  arise  due  to  longitudinal 
mode  beating  and  mode  locking.  As  a  matter  of  fact,  the  real  CO2  laser  pulses,  even  "long"  ones  do  have  such  structure  The 
same  situation  seems  to  take  place  also  for  CO  lasers,  though  up  to  now  nobody  attempted  measurement  of  the  structure.  The 
objective  of  the  paper  is  the  experimental  research  of  the  temporal  structure,  including  HF  one  on  the  RTP,  for  laser  (probe) 
and  PC  signals  at  DFWM  of  long  pulse  CO  and  CO2  lasers  radiation  with  nanosecond  resolution  over  the  full  pulse  length. 

2.  EXPERIMENTAL  SETUP  AND  OPTICAL  SCHEME 

The  experiments  were  carried  out  on  the  e-beam  controlled  discharge  (EBCD)  CO2  (CO)  laser  installation  with  active 
length  of  120  cm.  The  pulse  length  for  input  power  was  20  ps,  input  energy  being  changed  between  100  and  400  J/1  Amagat. 
CO  laser  operated  at  gas  temperature  of  --100K.  Laser  mixture  C02:N2:He  =  1:2:4  and  CO:N2:He=l:4:5  were  used  for  CO2 
(CO)  laser.  Gas  density  amounted  to  0.3  Amagat.  The  laser  resonator  length  was  18  m  (RTP=120  ns).  The  laser  beam  waist 
on  the  output  coupler  was  15  mm.  The  output  energy  was  approximately  about  one  Joule  both  for  CO  and  CO2  laser.  The 
center  of  the  active  medium  was  situated  at  l~1.5  m  from  the  output  coupler  (RT  time  is  50  ns).  The  diffraction  grating  was 
used  in  case  of  spectral  selective  resonator.  The  probe  beam  h  was  directed  to  the  active  medium  under  the  small  angle  of 
lOmrad  to  the  optical  axis  of  the  laser.  There  was  no  time  delay  between  the  probe  pulse  h  3nd  intracavity  co-propagating 
laser  pulse  h  within  the  accuracy  of  ±  0.3ns.  In  measuring  pulse  profile  and  HF  structure  of  the  probe  and  PC  signals 
HgCdTe  and  photon  drag  photodetectors  with  nanosecond  response  time  and  oscilloscope  "TEKTRONIX"  TDS680B  were 
used. 

3.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Temporal  behaviour  of  probe  and  PC  signals  for  CO2  laser.  The  time  measurement  confirms  the  existence  of 
complicated  structure  on  large  temporal  scale  being  dependent  on  a  number  of  parameters  such  as  specific  input  energy  and 
power,  intensity  ratio  for  probe  and  co-propagating  pumping  wave  etc.  As  it  was  emphasized  in  ^  these  parameters  strongly 
influence  upon  the  relative  role  of  two  principal  mechanisms  of  nonlinearity  such  as  amplitude  and  phase  ones.  One  can  see 
from  Fig.  la  bearing  in  mind  the  previous  results  the  relative  high  amplitude  of  PC  signal  at  the  front  of  the  pulse  due  to 
amplitude  mechanism  and  strong  PC  reflectivity  at  the  rear  part  due  to  thermal  mechanism.  An  increase  of  input  power  pulse 
length  (Fig.  lb)  leads  to  an  increase  of  probe  pulse  length,  a  decrease  of  its  average  intensity  and  results  in  strong  decrease  of 
PC  reflectivity  on  the  front  of  pulse  and  rise  of  the  PC  signal  on  the  pulse  tail.  When  increasing  specific  input  energy 
together  with  intensity  of  probe  beam,  the  oscillation  of  the  tail  both  of  probe  and  PC  signal  with  period  of  '-^2  ps  is  observed 
(Fig.  Ic)  being  more  distinctive  for  the  PC  signal. 

One  can  see  in  Fig.2  that  both  probe  and  PC  pulses  have  a  periodic  structure  with  period  of  120  ns  corresponding  to  RTP 
and  also  have  very  deep,  nearly  100%  modulation.  The  first  peak  of  the  PC  pulse,  which  can  be  seen  in  Fig. 2a,  follows  the 
probe  pulse  nearly  noninertially,  its  front  being  more  sharp.  A  spike  with  maximal  amplitude  of  the  first  peak  of  the  PC  pulse 
does  not  always  fit  to  that  of  the  probe  pulse.  The  strong  spike  in  PC  signal  correlates  with  weak  one  in  probe  signal  very 
frequently  on  various  temporal  scales.  Fig.2b  demonstrates  the  time  behaviour  of  probe  and  PC  signal  for  pulses  of  Fig.lc  at 
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the  seventh  microsecond  from  the  beginning  of  the  laser  pulse.  The  PC  signal  has  an  oscillation  with  the  same  period  of  500 
ns  like  for  probe  signal,  however  with  opposite  phase. 

The  typical  first  peak  of  the  laser  and  PC  pulses  is  presented  in  Fig.  3.  The  100%  modulation  can  be  observed  very 
clearly.  The  diagrams  could  explain  the  process  of  writing  down  and  reading  out  the  diffraction  grating  during  first  peak  of 
the  laser  pulse,  vduch,  as  was  shown  in  was  brought  about  by  amplitude  mechanism.  One  can  easily  see  from  Fig. 3a,  that 
PC  signal  is  observed  of  50  ns  later  relatively  the  probe  one.  The  reason  of  it  that  the  grating  begins  to  be  written  down  in  the 
active  medium  ^\ilen  a  first  spike  goes  out  the  laser  resonator  (wave  comes  back  to  the  active  medium  and  interferes  there 
with  the  same  spike  reflected  from  the  output  coupler  back  to  the  active  medium.  The  amplitude  grating  is  read  out  by  spike 
of  intracavity  wave  I2  shifted  on  Tshijr^  21  /c  ^  50  ns  relatively  spikes  of  waves  h  and  /a  .  As  a  result  of  diffraction  of  the 
intracavity  pulse  ^2  on  the  grating  we  observe  PC  signal  I 4.  Thus  on  the  diagrams  of  Fig. 3  we  have  the  signal  reading  out  the 
diffraction  grating  (upper  trace)  and  one  being  read  by  that  signal,  i.e.  PC  signal  (bottom  trace).  This  description  explains  the 
formation  of  large  scale  grating  with  period  of  A/6 . 

Inasmuch  as  the  CO2  laser  pulse  consists  of  spikes  with  length  of  ~  10  ns  determined  by  pressure  broadening,  one  should 
take  into  account  the  fact  of  existing  of  small  scale  grating  with  spatial  period  of  Xil  >\iiich  has  never  been  considered  for 
CO2  and  CO  lasers,  for  they  have  believed  that  this  grating  is  destroyed  very  quickly  by  heat  conductivity.  These  two 
diffraction  gratings  can  work  together  resulting  in  complicated  structure  of  PC  signal  on  RTP. 

Of  course,  the  process  of  formation  of  PC  signal  is  much  more  complicated.  The  inhomogeneities  can  bring  forth  the 
anomalies  taking  place  on  RTP  during  the  laser  pulse.  One  of  the  laser  pulse  and  its  PC  signal  (Fig.  la)  was  analyzed  with 
nanosecond  resolution  during  its  full  length  (Fig. 4).  Though  the  laser  probe  signal  is  regular  one,  there  is  some  destrurt!on  of 
PC  signal  (see  Fig.4b).  Sometimes  very  weak  probe  signal  brings  forth  strong  PC  signal  (Fig.4c).  In  general,  regular 
structure  is  kept  till  the  end  of  laser  pulse  (Fig.4d),  vAiere  thermal  nonlinearity  operates.  It  should  be  noted,  that  even  for  a 
very  weak  probe  signal  with  intensity  of  one  hundredth  as  much  as  that  of  the  first  peak  of  the  laser  pulse,  we  did  observed 
yet  PC  signal  (Fig.4d)  with  PC  reflectivity  (on  intensity)  approximately  twice  as  higher  as  for  the  first  peak  of  the  laser  pulse. 

The  mode  locking  leads  to  a  higher  intensity  spike  on  the  RTP.  In  our  experiments  the  mode  locking  regime  of 
operation  for  EBCD  CQ2  laser  was  brought  about  by  use  of  a  plasma  mirror  The  laser  pulse  consists  of  a  set  of  pulses,  some 
of  them  being  mode  locked  with  a  regular  spike  structure.  Fig.5  illustrates  one  of  the  pulses.  Here  the  PC  signal  does  ari^:"^  bv 
diffraction  of  reading  out  wave  on  thermal  grating  produced  by  previous  pulses,  the  last  of  vdiich  takes  place  ~  6  ps  be  .  e 
the  mode  locked  pulse  presented  on  Fig.5.  Actually,  the  strong  PC  signal  on  amplitude  grating  could  not  arise  because  there 
was  no  strong  spike  writing  down  the  grating  at  ~  50  ns  before  the  reading  out  spike.  The  analysis  of  the  results 
demonstrates,  that  the  active  medium  should  be  situated  near  the  output  coupler  (or  near  the  rear  mirror)  to  produce  the  same 
three  spikes  (probe  one  and  two  laser  spikes  for  the  two  intracavity  waves)  in  the  same  place  simultaneously  (in  case  the  rear 
mirror,  the  reading  out  spike  would  be  shifted  at  RTP  with  respect  to  writing  down  spikes).  It  should  be  noted,  that  for  mode 
locking  regime  some  anomalies  also  were  observed  like  in  case  of  free-running  mode.  See  Fig.5d  where  one  can  see 
disappearing  of  some  spikes  from  PC  signal  and  strong  PC  signal  for  the  very  weak  spike. 

Time  history  of  laser  and  PC  signal  at  DFWM  of  CO  laser  radiation.  CO  laser  also  has  periodic  structure  both  for  single 
line  Pio-9(15)and  multiline  (nonselected)  pulses  with  very  deep  modulation  (Fig.6).  The  structure  could  arise  as  a  result  of 
longitudinal  mode  beating  and/or  mode  locking  due  to  a  saturable  absorber  such  as  water  vapour  in  long  length  laser  cavity. 
That  modulation  refers  to  the  low  number  of  longitudinal  modes  taking  part  in  lasing.  The  interaction  of  probe  beam  with 
intracavity  laser  radiation  (Fig.  7)  disturbs  slightly  the  regular  structure  on  RTP  though  the  strong  modulation  is  kept  during 
the  full  CO  laser  pulse.  The  PC  signal  differs  from  probe  one,  though  also  has  regular  structure  with  deep  modulation  both  on 
large  and  small  temporal  scale  (Fig.  8).  It  has  sharper  front.  In  case  of  strong  probe  signal  (Fig.  8a)  there  are  holes  in  PC 
signal  intensity  corresponding  to  maximums  of  probe  signal.  At  the  front  part  of  PC  pulse  maximum  (on  the  temporal  scale 
of  ~  1  ps)  also  does  not  correspond  to  maximum  of  probe  pulse.  Like  for  CO2  laser  oscillations  takes  place  both  for  probe  and 
PC  signal  (see  Fig.2  and  Fig.8b,c.).  The  reason  for  these  oscillations  like  in  the  case  of  CO2  laser  could  be  acoustical 
disturbances  taking  place  in  the  active  medium  of  both  lasers. 

The  HF  structure  for  probe  and  PC  signals  of  CO  laser  has  rather  more  complicated  behaviour  than  for  CO2  laser.  Part 
of  the  PC  and  probe  signal  are  presented  in  Fig.  9a.  The  front  of  the  laser  pulse  itself  has  a  relative  irregular  structure  being 
noticeably  changed  from  one  RTP  to  another.  This  behaviour  strongly  differs  from  that  of  CQ2  laser  pulse  wliich  has  strong 
periodic  structure  on  its  front  (Fig.3).  It  should  be  noted  that  intensity  of  probe  and  PC  signal  approximately  100  times  less 
than  that  of  CC)2  laser,  particularly  for  its  first  peak.  The  regular  periodic  structure  for  both  signal  could  be  much  easily  seen 
far  from  the  beginning  of  the  pulse  (-  10-25  ps),  vAvere  laser  intensity  was  much  higher  (Fig.9b-d).  As  compared  to  that  of 
CO2  laser,  the  structure  of  CO  laser  itself  is  changed  slightly  from  one  RTP  to  another  (see  Fig.9b,c  and  d,  obtained  for  -  10 
and  24  ps,  Fig.9d  corresponds  to  the  different  laser  pulse). 
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FIGURES:  in  all  figures  except  Fig.6  and  Fig.7  upper  trace  corresponds  to  probe  (laser)  and  bottom  trace  to  PC  signals. 
Fig.l.  Probe  and  PC  signals  for  free-running  CO2  laser  q=165,  Ii/l3=4  (a);  q=220,  Ii/l3=ll  (b);  q=300  J/1  atm,  \if\^=0A  (c). 
Fig.2.  First  peak  (a)  and  the  seventh  microsecond  (b)  of  CO2  laser  and  PC  pulse.  Fig.3.  First  peak  of  CO2  laser  and  PC  pulse. 
Fig.4,  CO2  laser  and  PC  pulses  for  different  time  intervals:  1.8ps  (a),  3.2  ps  (b),  6.2  ps  (c),  12.4  ps  (d).  Fig.5.  Probe  and  PC 
signals  for  mode  locked  CO2  laser.  Fig.6,  CO  laser  pulse  without  DFWM.  Fig.7.  CO  laser  pulse  with  DFWM.  Fig.8.  Probe 
and  PC  signals  for  free-running  CO  laser,  q=220  J/1  Amagat,  Ii/l3=l,  multiline  (a);  Ii/l3=3.5,  single  line  (b,c).  Fig.9.  The 
signals  for  CO  laser,  q=220  J/1  Amagat,  single  line,  Ii/l3=3.5,  640ns  (a);  lO.Ops  (b);  23.5ps  (c);  Ii/l3=l,  lOps  (d). 
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The  HF  structure  of  PC  signal  for  CO2  laser  at  long  distance  (Fig.4a-d)  nearly  repeats  that  of  probe  pulse.  The  fact,  as 
was  mentioned  above,  refers  to  prevailing  role  of  thermal  PC  mechanism  at  large  temporal  scale  for  CO2  laser.  The  situation 
seems  to  be  quite  different  for  CO  laser.  The  HF  structure  of  PC  signal  strongly  differs  from  that  of  probe  signal,  reminding 
the  HF  structure  behaviour  for  a  first  peak  of  CO2  laser  pulse  (Fig.  2),  vdiere  amplitude  mechanism  is  responsible  for  the  PC 
process.  In  many  cases  the  beginning  of  the  probe  spike  (Fig.9d)  has  much  stronger  PC  reflectivity  than  following  spikes.  As 
a  matter  of  fact,  the  amplitude  mechanism,  as  was  emphasized  in  ^  should  be  the  main  one  for  CO  laser  because  of  a  slow  V-T 
relaxation  rate  of  CO  molecule.  The  combination  of  mutual  disposition  of  writing  down  and  reading  out  spikes  leads  to  the 
complicated  temporal  behaviour  of  HF  structure  for  CO  laser  on  long  distance  like  for  first  peak  of  CO2  laser  on  relatively 
short  distance. 

4.  CONCLUSIONS 

The  HF  structure  for  PC  signal  of  free-running  and  mode  locked  CO2  laser,  and  for  probe  and  for  PC  signal  of  free- 
running  CO  laser  at  DFWM  in  inverted  medium  was  observed  for  the  first  time. 

Together  with  large  temporal  scale  behaviour  the  HF  structure  refers  to  two  principal  mechanisms  of  PC  process 
(resonance  and  thermal  ones)  in  CO2  laser  and  resonance  mechanism  in  CO  laser.  The  existence  of  HF  structure  on 
nanosecond  scale  both  for  CO2  and  CO  laser,  vMch  have  never  been  taken  into  consideration  both  in  experiment  and  theory 
makes  reconsider  the  role  of  small  scale  diffraction  grating  in  active  medium,  and  also  makes  take  into  account  the  small 
temporal  scale  CO2  and  CO  laser  kinetics  (for  instance,  hole  burning  in  vibrational-rotational  gain  distribution  etc.). 
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ABSTRACT 

For  xenon  at  temperature  t  =  19.3  °C  in  a  range  of  density  0.3  g/cm^  <  p  <  1.0  g/cm^  SBS  gain  coefficient  (g)  and 
phonon  lifetimes  are  measured.  It  is  shown  that  at  the  densities  higher  than  p  =  0,5  g/cm^  SBS  gain  g  levels  out,  reaching 
the  value  g  «  100  cm/GW,  and  the  phonon  lifetimes  decrease  down  to  Tph  =  25  ns  with  approaching  to  a  critical  point  of  Xe. 

Keywords:  Stimulated  Brillioun  Scattering,  xenon,  critical  point,  threshold  power,  iodine  laser. 

INTRODUCTION 

Phase  conjugation  at  Stimulated  Brillioun  Scattering  (SBS)  is  widely  used  for  improvement  of  a  laser  radiation 
characteristics.  Compressed  gases,  for  example.  Xenon  are  promising  as  an  active  SBS-medium  for  gaseous  lasers  because 
of  their  transparency  in  UV  and  IR  spectral  regions,  and  small  Stokes  frequency  shift.  Theoretical  researches  predict 
increase  of  SBS  gain  coefficient  (g)  as  goc  p^  at  increasing  of  gas  density  ’.  In  a  pressure  range  below  critical  point 
(Per  =  57.6  atm.  Tor  =  289.7  °K)  experimental  results  are  in  good  agreement  with  this  prediction.  For  example: 
g  =  1.4  cm/GW  at  p  =  10  atm  (p  =  0,058  g/cm^)  ^  and  g  =  44  cm/GW  at  p  =  39  atm  (p  =  0,30  g/cm^)  ^  However  the 
attempt  of  the  authors ''  to  receive  high  SBS  gain  in  Xe  at  pressure  of  220-240  atm  did  not  give  expected  results.  In  the  work 
^  with  approaching  to  critical  point  (p  >  0,7  g/cm^)  an  appearance  of  optical  inhomogeneties  in  Xe  have  been  registered 
which  raised  a  SBS  threshold.  In  the  given  work  we  investigate  SBS  excitation  in  Xe  at  density  range  of 
0.3  g/cm^  <  p  <  1.0  g/cm^  and  at  a  conditions  when  influence  of  optical  inhomogenieties  on  SBS  threshold  was  not  essential 
because  the  cell  with  Xe  has  been  well  thermostated. 

1.  EXPERIMENTAL  SETUP 

Scheme  of  experiments  of  SBS  threshold  power  (P^h)  measurements  in  steady-state  excitation  regime  is  shown  in  Fig.  1. 
Single-mode  iodine  laser  radiation  was  used  for  SBS  excitation.  Laser  radiation  parameters  are: 

Wavelength  X=  1.315  pm 
Energy  E  «  10  J 
Pulse  duration  ti  w  100  ps 
Radiation  divergence  0o84e  ^  lO'"’  rad 
Laser  beam  diameter  D  »  7  cm. 

Parameters  of  the  pumping,  reflected  and  passed 
through  SBS  cell  radiation  were  registered  by 
calibrated  photodiodes  with  the  time  resolution 
50  ns.  Pumping  power  was  measured  in  the  far  zone 
of  positive  lens  by  photo  diodes  with  different 
apertures,  it  allowed  to  measure  pumping  power  in 
different  angles  :  M0■^  M0'\  5- 10'^  rad  and  to 
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control  power  divergence.  The  laser  radiation  was  focused  into  SBS  cell  with  length  of  25  cm  and  diameter  of  1.5  cm  by 
means  of  lens  with  focal  length  F=  138  cm.  The  special  attention  was  given  to  Xe  cleanness.  To  exclude  influence  of 
impurities,  only  metal  (indium)  linings  were  used  in  the  cell  construction,  and  it  have  been  filled  with  the  use  of  special 
filters,  detaining  aerosol  particles  ( efficiency  of  clearing  from  such  particles  with  diameter  more  than  0,01  jam  is  more  then 
99.9999  %).  Thermostat  maintained  the  cell  temperature  at  value  of  t  =  19.3  ^C,  temperature  drift  did  not  exceed  0.03 
per  an  hour.  Xe  pressure  in  the  cell  have  been  measured  with  relative  error  of  2  %,  density  of  Xe  have  been  determined  by 
cell  weighing. 

Optical  quality  of  SBS  medium  was  supervised  with  the  help  of  He-Ne  laser  which  parameters  were  selected  in  such  a 
manner  that  its  beam  simulated  a  pump  beam  in  cell.  The  intensity  distribution  in  focal  plane  inside  the  cell  with  Xe  -  Ii((p) 
have  been  compared  with  distribution  obtained  in 
the  absence  of  cell  -  12(9)  •  Measurements  of 
intensity  distribution  were  carried  out  in  the  image 
of  focal  plane  with  the  help  of  diaphragm  scanning 
in  horizontal  section.  The  He-Ne  radiation  power 
passed  through  the  diaphragm  was  registered  by 
photo  diode  and  measured  by  the  digital  voltmeter. 

Comparison  of  both  distributions  (Ii((p)  and  12(9)) 
allowed  us  to  estimate  quantitatively  deformation  of 
diffraction  limited  beam  at  passage  it  through  SBS- 
cell.  For  all  investigated  points  these  distributions 
coincided  with  accuracy  of  «5  %,  and  only  at 
p  =  1,02  g/cm^  the  intensity  in  a  maximum  fell 
down  from  12'"“'  =  1  in  the  absence  of  the  cell  to 
I^max  ^  Q  ^2  at  the  presence  of  it.  This  was  taken 
into  account  at  Ptrh  calculation. 

Under  influence  of  Stokes  radiation,  as  SBS 
excitation  occurred,  the  mode  of  iodine  laser  generation  has  changed  and  became  pulse-periodic  (see  Fig.  2).  Only  the  first 
pulse  with  duration  of  leading  front  of  about  20  }is  where  steady-state  excitation  conditions  are  satisfied  and  pump  energy 
does  not  exceed  the  critical  energy  of  thermal  defocusing  Wc  was  used  to  determine  the  Pthr.  The  value  of  pumping  power  Pl 
providing  SBS  reflection  coefficient  of  Rs  =  1%  have  been  taken  as  Pthr: 


Fig.  2.  Typical  pumping  pulse  shape.  Horizontal  scale  -  20  us/div. 


rmax 

P^,(R=l%>  =  PL<0  =  5.1O-^rad>.:^. 

^2 


2.  RESULTS  AND  DISCUSSION 

The  basic  results  of  experiments  are  shown  in  Table  1,  where  averaged  over  several  experiments  values  are  shown. 
The  standard  deviation  obtained  in  each  series  of  experiments  did  not  exceed  15  %.  Experimentally  measured  values  labeled 
by  an  asterisk  and  values,  calculated  using  Pitser’s  three-parameter  correlation  by  method  of  Li-Kesler  giving  the  best 
approximation  to  experiment,  are  shown  for  gas  density. 


Table  1. 


p,  atm 

39,8 

43 

46 

47,4 

50 

54 

56 

59,2 

59,7 

60,5 

61 

61,3 

62 

p,  g/cm^ 

0.30 

0.30* 

0.34 

0.38 

0.41 

0.45 

0.53 

0.60 

0.59* 

0.78 

0.83 

0.90 

0.94 

0.97 

1.04 

1.02* 

PtokW 

27 

24 

19 

14 

16 

11 

10 

11 

12 

12 

11 

11 

12 
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On  obtained  data  we  have  determined  SBS  gain  coefficient  using  as  a  reference  value  go  =  44  cm/GW  for  Xe  density 
of  0.3  g/cm^  given  in  work 


po 

^thr 

Si  ~  pi  8o5 

^thr 


where  -  corresponding  threshold  powers. 


Fig.  3.  SBS  gain  coefficient  versus  Xe  density.  Fig.  4.  Phonon  lifetime  versus  Xe  density. 

□  -  experiment,  —  theory,  □  -  experiment, - fitting  curve, 

•  -  calculation  using  data  from  work 

These  results  are  shown  in  Fig.  3.  The  results  of  calculation  of  g  for  p<0.5  g/cm^  using  available  thermodynamic 
parameters  ^  are  also  shown  in  Fig.  3.  We  can  see  that  beginning  with  p  =  0,5  g/cm^  g  does  not  increase,  what  could  take 
place  in  our  experiments  only  due  to  phonon  lifetime  decreasing.  Phonon  lifetime  Tph  have  been  determined  using  gi  values 
in  accordance  with  equality  : 


^ph 


8 


^  2 

16^  „p(-) 


where  n  -  refractive  index,  c  -  light  velocity,  v  -  hipersound  velocity. 

The  results  of  calculation  of  Xph  are  shown  in  Fig.  4.  Value  of  Xph  =  21.2  ns,  calculated  with  the  use  of  data  of  hipersound 
absorption  at  p=  1.11  g/cm^  and  t=  19.4  ^  is  also  shown  in  Fig.  4.  A  good  agreement  between  our  results  and  that 

received  in  the  work  ^  is  observed. 

Finally,  experience  show  that  Xe  of  high  cleanliness  is  the  most  promising  active  SBS  medium  for  powerful  lasers. 
Value  of  gWc,  serving  as  a  figure  of  merit  of  the  given  substance  for  effective  SBS  of  long  laser  pulses  in  Xe  is  almost  10 
times  higher  than  in  other  widely  used  SBS-substances 
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ABSTRACT 

Propagation  of  supergaussian  beams,  which  can  be  generated  by  graded-phase  resonators,  has  been  treated  by 
approximating  these  beams  with  generalized  flattened  gaussian  beams.  An  optimum  approximation  is  discussed  by  using 
characterization  parameters  and  the  fitting  of  the  amplitude  profiles.  Beam  propagation  factor  Kfi  and  kurtosis  parameter 
add  further  quantitative  information  which  is  appropriate  for  and  confirm  the  approximation. 

Keywords:  supergaussian  beams,  generalized  flattened  gaussian  beams,  beam  propagation  factor,  kurtosis  parameter 

L  INTRODUCTION 

High  power  lasers  need  often  to  use  optical  resonators  with  large  aperture.  A  suitable  way  for  extracting  efficiently  a 
good-quality  optical  beam  is  offered  by  the  supergaussian  beam  (SGB).  Custom  SGB's  (beams  with  prescribed  parameters) 
have  been  recently  obtained  by  Belanger  et  al.^  by  using  resonators  with  graded-phase  mirror.  One  can  conclude  that,  for  a 
material  processing  requiring  a  laser  beam  with  specified  parameters,  the  optical  cavity  can  be  designed  accordingly. 

The  propagation  of  SGB's  has  been  first  treated  numerically  by  Parent  et  al.^  and  then,  more  convinient,  analitically 
by  Palma  and  Bagini.^  For  the  analitical  treatment  they  shown  that  SGB's  can  be  approximated  accurately  with  the 
generalized  flattened  gaussian  beams  (FGB's).  Two  types  of  flattened  gaussian  beams  (FGB's)  were  originally  introduced  by 
Gori.^  Both  of  them  are  one-parameter  beams:  the  first  type  has  the  beam  width  as  the  relevant  parameter;  the  second  type, 
called  rescaled  FGB,  has  steepness  as  the  parameter  (the  width  being  approximately  constant).  Both  of  them  are  coherent 
beams  and  a  propagation  formula  for  the  second  type  of  FGB  was  also  given. ^  A  third,  and  more  general  type  of  FGB  was 
then  introduced  as  generalized  FGB.^  It  is  a  two-parameter  FGB  having  both  width  and  steepness  as  parameters. 

Then,  the  characterization  of  FGB's  has  been  extended^’^  by  using  the  beam  propagation  factor  and  the  kurtosis 
parameter.  These  beam  parameters  are  significant  also  in  material  processing  as  tool  parameters  as  shown  by  Herziger  et 
al..^  In  this  paper  we  recall  in  Section  2  the  main  results  concerning  this  extension.  In  Section  3  we  discuss  a  procedure 
which  can  be  used  to  approximate  SGB's  by  generalized  FGB's,  considering  characterization  parameters.  Finally,  some 
conclusions  are  presented. 

2.  CHARACTERIZATION  PARAMETERS  OF  THE  FLATTENED  GAUSSIAN  BEAMS 

The  field  of  the  FGB's  represented  in  cartesian  coordinates  is  given  by 

«=0 


where  N  is  the  beam  order. 
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and  the  Hermite-Gauss  beam  of  order  n,  say  has  the  following  spatial  distribution 


where  as  usual 
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Drawing  field  distribution  at  z=0  for  a  few  values  of  N  we  obtain  the  curves  presented  in  Fig.  la. 

N=  0,  1,  4,  9  0,  4,  9 


a  b 

Fig.  1:  a)  Transverse  intensity  profiles  of  FGB  with  beam  orders  A^=0,  1,4  and  9  versus  x; 
b)  Transverse  intensity  profiles  of  normalized  FGB's  (with  same  beam  orders)  versus  x. 

As  FGB’s  are  a  superposition  of  Hermite-Gauss  beams  suitably  weighted,  we  can  consider  them  formally  as  a  kind  of 
multimode  beams.  Then  we  can  normalize  mode  coefficients,  so  that  the  total  power  obtaining  for  the  constant 

A  the  expression 
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The  graphs  of  field  distribution  corresponding  to  these  normalized  FGB’s  are  presented  in  Fig.  lb.  We  evaluated  Afi  factor 
for  every  beam  order  K  The  results  appear  in  Fig.  2a.  As  expected,  for  N=0  we  encounter  a  pure  gaussian  beam  for  which 
Afi  equals  1,  the  minimum  value  for  this  parameter. 


The  kurtosis  parameter,  which  describes  the  degree  of  flatness  (or  sharpness)  of  any  beam  intensity  distribution, 
is  defined  as 


K  =  {x^)l(x^f,  (5) 

where  the  second  and  the  fourth-order  moment  are  obtained  by  putting  n=2  and,  respectively,  n=4  in  the  equation 

(x'’)  =  |_%”|C/(x)|'^x,  (6) 

which  defines  the  n-th  order  moment  of  the  intensity  distribution  I(x)=\U{x)\^ .  The  FGB  kurtosis  behaviour  can  be  explored 
by  the  analysis  of  the  kurtosis  propagation  vector  as  shown  by  Martinez-Herrero  et  al..^  According  to  their  classification  ; 

-  for  a  beam  order  N=Q,  K{z)  is  constant  (FGB  belongs  to  type  VII); 
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-  for  a  beam  order  A/^1,2,3,  K{z)  has  either  (a)  two  maxima  and  one  minimum,  or  (b)  two  minima  and  one  maximum 
(FGB's  belong  to  type  III); 

-  for  a  beam  order  A/>4,  K{z)  exhibits  either  a  unique  maximum  or  a  unique  minimum  (FGB's  belong  to  type  VI). 


a  '' 

Fig.  2:  a)  Beam  propagation  factor  versus  beam  order  V;  b)  Kurtosis  parameter  K(z=Q)  versus  beam  order  N. 


The  kurtosis  parameter  can  be  calculated  at  z=0  as  a  function  of  the  beam  order  N.  The  result  is  presented  in  Fig.  2b. 
For  N=0  the  FGB  is  a  pure  gaussian  beam  and  K  has  the  maximum  value  equal  to  3.  This  profile  is  denoted  as  mesokurtic. 
The  beam  profiles  for  which  K  is  lower  are  denoted  as  platykurtic.  After  a  mode  order  around  5  the  kurtosis  decreases 
slowly,  and  after  a  mode  order  approximately  10  this  parameter  is  rather  constant  and  equal  to  1.85. 

3.  PROCEDURE  FOR  APPROXIMATION  OF  SUPERGAUSSIAN  BEAMS  BY  FLATTENED  GAUSSIAN  BEAMS 

The  question  is:  if  a  SGB  specified  by  the  index  of  supergaussianity,  PW,  and  by  a  spot  size,  wj. 


F;,(x,0)  =  exp  -(x/w,)' 


(7) 

L  >1 

is  given,  what  are  the  beam  order,  M  and  the  steepness,  1/wq,  of  a  generalized  FGB’s  which  allows  an  optimum 
approximation? 

We  may  first  to  calculate  the  beam  propagation  factor  hfi  of  the  SGB  with  the  following  equation,  which  can  be 
readily  obtained 


M^{PW)- 


(3) 


PW  •  ^Y{3IPW)  •  r(2  -  \IPW) 
r(i/pr)  ■ 

We  can  find  then  the  beam  order,  N,  of  a  generalized  FGB  which  has  a  beam  propagation  factor  IvP-  as  close  as  posible 
(because  N  must  be  an  integer),  by  using  a  graph  as  in  the  Figure  2a.  We  apply  this  procedure  to  approximate  SGB's  which 
have  been  produced  experimentally  by  Belanger  et  al..  *  These  beams  are  presented  in  the  Table.  One  can  see  that  N  value 


Table:  Comparison  between  SGB's  and  generalized  FGB's  parameters. 


SGB 

F;(x,0)  =  exp|^-(x/u',)'’^j 

generalized  FGB 

=  V=0,1,... 

n=0 

PW 

KfiiPW) 

K{PW) 

K  type 

N 

l/Wn 

K(N) 

AT  type 

2 

1 

1 

3 

VII 

0 

1 

1 

3 

VII 

4 

1 

1.18 

2.19 

III 

2 

3.3 

1.15 

2.21 

III 

6 

1 

1.4 

1.86 

VI 

7 

9 

1.47 

1.92 

VI 
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identified  in  such  a  way  assures  a  good  correlation  between  the  values  of  kurtosis  parameter.  Also,  the  way  that  K  changes 
in  propagation  is  the  same  for  the  original  and  for  the  approximate  beam.  To  find  the  steepness,  1/wq,  we  may  then  fit  the 
profile  of  the  generalized  FGB  to  the  profile  of  the  SGB,  as  shown  in  Fig.  3.  As  a  quantitative  criterium  the  minimization  of 
the  rms 


N=  2.  b=3.3 


Figure  3:  Intensity  profile  of  a  generalized  FGB  (dashed  line)  fitted  to  the  intensity  profile  of  a  SGB  (continuous  line) 

deviation  between  the  two  profiles  can  be  used,  as  suggested  by  Palma  and  Bagini.^  For  the  approximation  of  SGB  with 
PW=4-  rms  value  is  0.008,  and  respectively  for  that  of  PW-6  is  0.016. 

4.  CONCLUSIONS 

An  optimum  approximation  of  the  supergaussian  beams  by  the  generalized  flattened  gaussian  beams  is  discussed  by 
using  characterization  parameters  and  the  fitting  of  the  amplitude  profiles.  Beam  propagation  factor  Afi  and  kurtosis 
parameter  add  further  quantitative  information  which  is  appropriate  for  and  confirm  the  approximation. 
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ABSTRACT 

Slab  C02’laser  is  the  most  compact  system  now’.  In  ^  and  ^  the  possibility  of  multislab  structure  phasing  had  been 
studied  on  base  Talbot-system  and  intracavity  optical  connection  between  separate  slabs.  In  the  possibility  of  given 
wavefront  injector  signal  regenerative  amplification  has  been  considered.  Use  of  this  method  for  multislab  structure 
phasing  is  interesting.  But  in  this  case  it  is  necessary  to  strive  a  frequency  conformation  of  laser-injector  and  regenerative 
amplifier  because  of  necessity  of  conditionally  steady  regime  realizing^  In  ^  possibility  of  lasing  upsetting  by  aperture  in 
unstable  resonator  spherical  mirror  was  shown.  In  ^  this  aperture  had  been  used  for  laser-injector  signal  input  and 
frequency  locking  of  more  powerful  C02-laser. 

The  goal  of  this  paper  is  to  consider  conditions  for  abnormal  high  losses  of  regenerative  amplifier  unstable  resonator 
main  mode.  In  this  case  we  can  realize  phasing  without  necessity  of  frequency  locking  into  injector-regenerative  system. 
For  this  conditions  the  optimal  regime  of  input  and  propagation  of  radiation  along  regenerative  amplifier  is  considered. 

Key  words:  laser-injector,  slab  C02-regenerative  amplifier,  asymmetrical  unstable  resonator,  mode  losses. 


1.  ABOUT  INFLUENCE  OF  UNSTABLE  RESONATOR  ASYMMETRY  TO  MAIN  MODE  LOSSES 

1.1,  Symmetrical  unstable  resonator  with  spherical  mirrors 

The  equation  for  modes  of  symmetrical  unstable  resonator  with  spherical  mirror  is  the  following 

A^f  +  s^+4(Y+Y^]jf(^,Ti)  =  0,  (1) 

where  p  =  rVk/ 1 ,  r  -  radius-vector  with  outset  in  mirror  center,  k=(27t/X),  ^  =  x^fk7l, 

r|  =  yVk/ 1  j  1  -  distance  between  mirror.  Ro  is  the  mirror  caviture  radius.  The  energy  losses  of  a  mode  are  the 

following: 

A  =  (2) 

where  m  =  1  +  2y  +  is  resonator  multiplication. 

Parameter  v  is  the  root  of  the  equation: 

r(l±i  +  ^  +  i) 

=2Itiiii - — - — 7-e'' 

p,n_+_l_^_i)  I  (3) 

^  2  2  4'^ 

(p  =  27ip-27tN,^„i,  +y(n  +  2); 

Here  N=aVll;  a  -  mirror  radius;  T  -  gamma-function^  n  and  p  -  whole  numbers;  n  -  asimutal  mode  index  and  n=0 
below. 


If  cp=0: 
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(4) 


Nequiv  =  =  P  +  —  + 

Here  v  is  real  valued  only.  If  there  is  the  aperture  in  the  center  of  spherical  mirror,  the  most  soundness  modes  are  those 
formed  by  reflection  from  mirror  brink  and  caustic  surface  on  aperture  border.  From  equation  (1),  the  condition  of  caustic 
surface  formation  is  following^®: 

+4(Y+Y^)pe  =0,  (5) 

where  is  the  caustic  surface  radius  which  is  equal  the  mirror  aperture  radius. 

From(3),  (4)  and  (5)  it  is  following: 


N  “N 

equiv  0,equiv 


(Y+Y^)Pc 


(6) 


Computer  simulation*  shows  that  Re  v~0.5(Njq„j^-N„  for  main  mode.  That  is: 


Rev  -  0.5 


(Y+Y^)  •  Pc 
n 


.  n2 


(7) 


One  can  see  (the  curve  (7)  is  presented  in  Fig.l.a)  that  mode  losses,  which  lead  to  lasing  upsetting,  is  realized  for 
Pc~  10;  that  is  the  aperture  diameter  ~  15-i-20  mm  for  C02-laser  typical  parameters. 


Fig.l.  Dependence  of  Rev  (mode  losses,  see  (2))  on 
dimension  of  aperture  for  injector  beam, 
la-  symmetrical  unstable  resonator  with  spherical 
mirrors; 

2a-  asymmetrical  unstable  resonator  with 
cylindrical  mirrors. 


1.2.  Asymmetrical  unstable  resonator  with  cylindrical  mirrors 

For  case  of  asymmetrical  unstable  resonator  with  cylindrical  mirrors  the  other  dependence  for  mode  losses,  as  a 
function  of  optical  connection’s  aperture  dimension  takes  place Here  we  present  the  result  which  is  interesting  for  us 
only. 

The  asymmetry  is  realized  by  consecutive  cutting  of  resonator’s  mirrors  along  ^^-axis  from  left  to  right  (see  fig  lb). 
One  can  see  that  diffractional  modes  losses  fluctuates  itself  around  zero  until  the  resonator  takes  place  on  both  sides  of 
cylindrical  mirror  center.  With  approach  of  the  resonator  mirror  brink  to  its  axis  the  monotonous  raise  of  mode  losses 
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start.  If  to  pay  attention  that  ^|k/l  -  10  cm*’  and  ao-  (5^8)- 10'^  cm*’  for  usual  slab  C02-laser,  then  the  Re  v  ~  0.5-^0.7, 
which  leads  to  lasing  upsetting,  is  realized  for  ~  1  mm  optical  connection’s  aperture.  This  fact  gives  possibility  to  use  a 
low  power  laser-injector.  Resonator  mode  lasing  upsetting  leads  to  raising  conditions  for  sequence  frequencies  between 
injector-laser  and  regenerative  amplifier  and  for  conditionally  steady  regime. 


2.  ABOUT  PECULIARITY  OF  INJECTOR  SIGNAL  PROPAGATION 
ALONG  REGENERATIVE  SLAB  CO^-AMPLIFIER 


2.1.  Energetics 

We  consider  the  problem  in  conditions  of  modes  complete  suppression,  low  mirror  losses  (1-R  «  1)  and  low 
multiplication  of  asymmetrical  unstable  resonator  (m-1  «  1).  In  this  case  we  can  average  resonator  losses  and  average 
resonator  multiplication  (along  length  of  gain  medium).  One  can  write  the  equation  for  average  intensity  and  conditions  of 
CW  radiation  and  stational  regime: 


dZ 


i+j 


(8) 


where  Z  -  longitudinal  coordinate,  -  unsaturational  gain,  P=  [(1-R)/I  +  (in-l)/21]  -  effective  unsaturated  losses.  Here  the 
intensity  is  presented  as  saturation  intensity  (I,)  units.  That  is  J  =  I/Ij.  [I]  =  W/cm^. 


Solution  of  equation  (8)  is  following: 


_J^ 

Jo 


,ot 


p  ' 


A-l)-J 

p 


a„/3 


(9) 


a„ 


where  Ja 


J|z=0j  2^1 


complete  gain  medium  length.  The  solution  (9)  has  the  special  point.  That  is  J  = 


“1  =  J. 


which  is  realized  for  Z  ->  oo.  In  this  case  the  saturated  gain  is  equal  the  unsaturated  losses  as  usual  for  laser  generation. 
But  the  laser  generation  is  upset.  Therefor  if  to  move  away  from  the  special  point  J  =  and  if  we  know  the  number  of 
beam  passes  into  resonator,  the  synonymous  connection  of  laser-injector  signal  phase  and  output  signal  phase  take  place. 
This  fact  gives  possibility  for  multislab  structure  phasing. 


2.2.  Peculiarity  of  putting  into  slab  COj-amplifier  and  intra  slab  radiation’s  propagation 

First  of  all  we  suppose  that  laser- injector  radiation  is  agreed  with  main  mode  of  slab  waveguide  (in  closed  direction). 
One  of  main  condition  for  beam  propagation  by  consecutive  reflections  from  mirrors  of  asymmetrical  unstable  resonator 
are  minimal  beam  covering  and  maximum  beam  packing  simultaneously.  It’s  not  hard  to  show  that  it  is  realized  for 

injector-beam  dimension  Hq  ^J2X\  and  injector  beam  divergence  (po  ~  VA.  /  21  (in  opened  direction  of  slab).  In  this  case 
the  point  (on  ^-axis)  for  beam- injector  putting  into  asymmetrical  unstable  resonator  is  following: 


^in  = 


24n 

ml 


(10) 


The  condition  (10)  increases  unstable  resonator  asymmetry  and  leads  to  its  modes  suppression  in  addition. 

After  passing  of  n  double  passes  (forward  and  back)  along  asymmetrical  unstable  resonator  between  cylindrical 
mirrors,  the  beam  dimension  (in  opened  direction  of  slab)  is  following: 
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a 


+0.5[m"  +  m"'^+K+m’^"-^’]} 


(11) 


2.3.  The  example  for  regenerative  slab  CO^-amplifier  value 

Used  parameters:  «  2  kW/cm^  ao «  610'^  cm'\  R  ~  0.985, 1  --  50  cm,  slab  height  ~  0.2  cm,  m  -1.05^1.1. 

Using  formula  (9),  (10)  and  (1 1)  it’s  not  hard  to  obtain  output  power  -  500  W.  In  this  case  specific  power  is  about 
(K2)  W/cm^  (relatively  of  slab  electrode  surface).  The  relation  between  input  and  output  powers  is  in  the  region 
(RIOO)  -r  (l-r50).  Output  beam  dimension  (in  opened  direction)  is  about  15  mm.  These  parameters  are  realized  after  -  7 
double  passes  only.  Because  here  we  can  control  an  output  beam  phase  by  change  of  injector-laser  beam  phase.  These 
results  are  a  base  for  formation  of  injector-regenerative  laser-optical  system  for  multislabe  structure  phasing. 
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ABSTRACT 

A  method  of  phase  locking  two  CO2  lasers  through  diffraction  coupling  is  presented,  which  is  achieved  by  the  parallel 
propagation  of  the  two  laser  beams  along  a  common  so-called  coupling  path.  This  is  done  by  folding  the  resonator  twice  by 
mirrors  and  extraction  of  the  output  radiation  by  a  common  output  coupler.  As  this  method  is  only  utilising  reflective  optics 
(except  of  the  output  coupler),  it  is  also  practicable  as  a  technique  for  phase-locking  lasers  with  powers  in  the  multi-kW 
range.  Diffraction  leads  to  an  overlap  of  the  optical  fields  of  the  two  lasers,  establishing  a  phase-locked  state,  if  several 
locking  conditions  are  fulfilled.  The  amount  of  energy,  diffracted  from  one  resonator  to  the  second  cavity  which  is  necessary 
to  establish  phase-locking,  depends  highly  on  the  length  detuning  between  the  two  resonators.  Phase-locked  operation  is 
detected  by  measuring  the  beat  signal  between  the  two  laser  beams.  Since  the  coupling  between  the  lasers  is  small,  a  stable 
phase-locked  operation  can  only  be  obtained,  if  the  length  of  one  resonator  arm  is  actively  controlled  with  a  PC-based 
electronic  stabilisation  loop,  driving  a  piezoelectric  translator  for  resonator  length  tuning. 

1  INTRODUCTION 

Advanced  materials  processing  with  lasers  in  industrial  production  processes  requires  not  only  laser  sources  with 
higher  output  power  but  also  a  near  diffraction  limited  beam  mode  which  is  a  difficult  task  especially  at  powers  in  the  multi- 
kW  range.  One  method  to  achieve  good  optical  properties  at  high  powers  is  to  operate  several  gain  cells  in  series  by  folding 
the  resonator.  This  approach  provides  on  the  one  hand  an  excellent  beam  quality  but  requires  a  mechanically  complex 
layout  of  the  resonator  and  the  discharge  sections.  Furthermore  all  optical  components  are  loaded  by  the  full  intra-cavity 
radiance  which  can  reduce  their  lifetime  or  reliability.  On  the  other  hand  the  power  can  be  increased  through  compact 
plasma  dimensions,  yielding  a  large  aperture  and  a  small  length  of  the  active  medium.  The  large  Fresnel  number  which 
characterizes  this  layout,  however,  results  in  a  very  poor  beam  quality  when  conventional  resonators  are  used. 

The  parallel  operation  of  the  gain  cells  while  maintaining  the  high  radiation  quality  inherent  to  each  individual 
module  is  a  different  approach  to  these  problems  which  offers  some  advantages  in  opposite  to  the  usual  serial  operation. 
Each  discharge  section  is  loaded  only  by  a  fraction  of  the  total  power,  yielding  a  smaller  discharge  cross  section,  improved 
discharge  stability  and  reduced  stress  for  optical  components.  The  maximum  power  density  of  a  number  of  N  lasers  with 
amplitudes  of  the  electric  field  strength  Ei=  E2=  ...  E^  =  E  in  an  unlocked  mode  is  obtained  by  adding  the  individual  power 
densities: 

tie2+tie2+...+tiE^=Ntie2  (1) 

During  phase-locked  operation  the  individual  electric  fields  superimpose  yielding  the  total  power  density: 

ti(Ej +E2+...+Ej^)2  =n2tie2  (2) 

where  t|  means  the  field  characteristic  impedance.  Consequently  phase-locking  of  N  lasers  increases  the  irradiance  by  a 
factor  of  N  relative  to  that  of  unlocked  operation. 

There  are  several  techniques  for  phase-locking  of  lasers,  differing  through  their  methods  of  exchanging  energy 
between  their  individual  resonators.  The  first  treatment  was  given  by  M.B.  Spencer  ^  who  was  using  semitransparent 
mirrors  for  the  coupling  of  lasers.  Other  methods  are  for  example  the  exchange  of  energy  between  the  resonators  through 
bores  in  the  back  mirrors^’^,  waveguide  lasers  with  transmitting  windows'*  or  not  fully  separating  walls  between  their 
channels^  and  four-wave  mixing^.  Common  to  all  these  techniques  is  their  high  sensivity  for  misalignment  or  their  high 
losses. 

Other  methods  are  the  self  imaging  properties  of  periodic  structures  or  a  diffractional  energy  exchange  between  two 
or  more  beams  along  a  conunon  so  called  coupling  path^  The  latter  method  is  the  technique  applied  in  this  work. 
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2  EXPERIMENTAL  SET-UP 


Fig.  1  shows  the  concept  of  diffraction  coupling  and  the  technique  utilised  for  resonator  length  control.  The  two 
DC  excited  30W  CO2  lasers  are  built  with  two  sealed  off  gain  cells  with  Brewster  windows  on  both  ends,  each  cell  with  an 
external  concave  back  mirror  of  a  radius  of  curvature  of  5m  and  a  common  flat  output  coupler.  The  resonator  of  each  branch 
is  folded  twice,  a  common  segmented  mirror  forming  a  so  called  'coupling  path'  Lc  which  leads  to  an  exchange  of  radiation 
energy  due  to  diffraction  effects.  The  length  of  the  coupling  path  is  adjustable  from  5.. 70cm,  thus  altering  the  resonator 
length  from  150  to  215cm,  while  the  beam  spacing  d  within  this  path  can  be  varied  from  2..  10mm  by  moving  the  segmented 
mirror.  Length  tuning  of  one  resonator  arm  is  done  by  using  a  piezo  translation  stage  (displacement  Ax>5.6pm).  The 
movement  of  the  mirror  is  measured  with  a  Michelson  interferometer  with  one  mirror  fixed  on  toe  back  of  toe  mirror  on  toe 
translation  stage. 

Phase-locked  operation  is  demonstrated  by  measuring  the  beat  frequency  with  a  fast  HgCdZnTe-detector  on  which 
both  beams  are  combined  through  a  scraper  mirror. 


V  beat^  j 

PLL  1 

i 

L  I 

HgCdZnTe 

detector 


Beamsplitter 

I  d 


Folding  mirror 


Fig.  1  Experimental  set-up 


3  EXPERIMENTAL  RESULTS 


3.1  Measurement  of  the  coupling  factor 

The  first  issue  investigated  was  the  coupling  of  energy  from  one  laser  branch  to  the  other  depending  on  toe 
coupling  length  and  the  beam  seperation  d.  An  experiment  was  conducted  to  evaluate  a  so  called  coupling  factor  kc 
which  is  defined  as  the  ratio  of  the  irradiance,  diffracted  from  one  cavity  to  the  other,  to  toe  inter-cavity  irradiance.  It  is 
evaluated  by  exciting  only  one  gain  cell  and  measuring  the  power  Pic2i  diffracted  from  one  branch  to  toe  other  arm  at  toe 
end  mirror  of  toe  cold  gain  cell.  The  intracavity  power  of  the  excited  gain  cell  Pici  is  calculated  from  toe  output  power  Pi  at 
toe  output  coupler  and  toe  reflectivity  R  of  the  output  coupler. 


kc 


P  IP 

_  ^  IC21  _  _ ^  1C21 

P.C.  R  P. 


(3) 


The  coupling  coefficients  were  measured  for  different  distances  d  between  the  beams  and  for  different  coupling 
lengths  Lc-  Due  to  increasing  diffracted  power  the  coefficient  is  growing  with  increasing  length  of  the  coupling  path  and 
decreasing  seperation  d  between  the  beams.  The  graph  demonstrating  these  dependencies  is  shown  in  Figure  2. 

It  has  to  be  mentioned  that  coupling  coefficients  in  the  range  of  1%  are  not  practicable  for  the  segmented  mirror 
used  in  this  set-up,  as  it  is  constructed  with  two  ordinary  rectangular  mirrors  which  are  forming  a  gap  of  0.2mm  where  their 
edges  are  meeting.  This  gap  causes  considerable  losses  by  scattering  when  the  distance  between  the  gap  and  the  two  lasers  is 
reduced  in  order  to  get  a  strong  overlap  and  thus  a  high  coupling  factor.  These  losses  lead  to  a  rapid  degredation  of  output 


power  with  decreasing  seperation  of  the  beams  in  the  coupling  path.  This  problem  can  be  solved  by  the  use  of  altered 
segmented  mirrors  which  can  be  parabolic  or  by  using  different  coupling  strategies  with  the  segmented  mirror  in  a  prismatic 
form. 


0  10  20  30  40  50  60  70 


Coupling  length  Lc  (cm) 

Fig.  2  Coupling  factor  kc  for  different  coupling  lengths  Lc 
in  dependence  of  beam  distance  d 


Fig.  3  Maximum  resonator  length  mismatch  for  phase-  locked 
operation  for  different  coupling  coefficients  kc 


3.2  Measurement  of  the  phase-locking  range 

The  next  experiments  concentrated  on  the  demonstration  of  phase-locked  operation  and  on  its  dependence  on  the 
resonator  length  mismatch.  Phase-locked  operation  was  monitored  by  directing  both  beams  onto  a  fast  HgCdZnTe-detector 
and  recording  of  the  rf-component  of  the  detector  signal,  giving  thus  the  beat  signal.  The  phase  locking  range  of  the  two 
lasers  was  investigated  by  introducing  a  ramp  signal  on  the  piezo  translator,  thereby  changing  the  length  of  one  resonator 
and  consequently  the  frequency  of  oscillation.  The  displacement  was  determined  by  using  a  Michelson  interferometer. 


Fig.  5  Beat  signal  for  coupling  of  kc=l% 


The  resulting  beat  signal  under  very  weak  coupling  conditions  (kc-0.02%)  can  be  seen  in  Fig. 4.  The  movement  of 
the  translator  in  direction  of  the  optical  axis,  as  measured  with  the  interferometer,  is  drawn  on  the  x-axis.  As  soon  as  the 
length  difference  between  the  two  resonator  arms  is  less  than  ^700  the  beat  signal  vanishes,  as  both  lasers  oscillate  at  the 
same  frequency.  The  pull-in  range  of  the  lasers  depends  on  the  amount  of  exchanged  energy  described  by  the  coupling 
factor  kc.  Fig.5  gives  the  typical  beat  signal  under  coupling  of  kc=l%,  the  phase  locking  range  now  being  y60. 

The  corresponding  experimental  dependencies  of  the  locking  range  on  the  coupling  factor  kc  which  can  be  changed 
by  variation  of  the  length  of  the  coupling  path  Lc,  are  shown  in  Fig.  3.  The  graphs  for  different  beam  separations  d  are 
indicated.  The  maximum  coupling  coefficient  achieved  is  given  as  1.3%,  leading  to  a  locking  range  of  ^36  which 
corresponds  to  a  locking  bandwidth  of  SMhz  for  this  set-up. 
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3.3  Active  length  control 

Due  to  resonator  length  mismatch  resulting  from  mechanical  vibrations  and  heating  eJBfects,  continous  phase-locked 
operation  can  only  be  achieved  by  employing  a  feedback  control  mechanism  for  active  length  tuning  to  keep  the  two  lasers 
within  the  locking  range  which  depends  on  the  coupling  coefficient,  as  shown  above. 

Stable  phase-locking  is  achieved  by  the  use  of  an  electronic  stabilization  loop  (Figure  1),  measuring  the  beat  signal 
at  the  detector  and  transforming  its  frequency,  after  amplification  and  discretisation  through  a  comparator,  into  a 
proportional  voltage  through  a  phase-locked-loop  (PLL)  which  is  then  fed  into  a  PC  where  it  is  taken  as  an  indicator  of 
locked  operation.  As  an  alternative  to  the  PLL  a  frequency-to-voltage  converter  was  used,  but  it  showed  to  be  too  sensitive 
on  noise  in  the  beat  signal.  Any  change  in  the  beat  frequency  is  detected  by  a  control  algorithm,  deriving  the  direction  and 
displacement  of  the  mirror  movement  to  reach  phased  state  again.  This  output  is  then  used  to  control  the  resonator  length  by 
a  piezoelectric  translation  stage.  This  kind  of  control  circuit  gives  a  stable  and  easy  to  operate  lock.  Another  advantage  is 
the  fact  that  the  locking  range  can  be  found  from  any  starting  frequency  of  the  system  through  appropriate  software.  The 
coupling  coefficient  during  the  experiments  with  the  active  length  control  was  set  to  0.12%,  resulting  in  a  detuning  range  of 
24nm.  Common  phase  locking  techniques  which  have  been  constructed  for  laser  locking  at  an  offset  frequency^  are  not 
applicable  in  this  situation,  as  the  beat  signal  at  the  boundaries  of  the  phase-locked  regime  does  not  yield  the  information  in 
which  direction  the  mirror  has  to  be  moved  to  reach  phased  operation  again. 

The  control  algorithm,  however,  is  not  yet  capable  of  compensating  strong  mechanical  disturbances  which  could 
arise  in  an  industrial  environment. 

In  the  future,  improvements  of  the  control  argorithm  shall  be  made  in  order  to  provide  phase-locking  when 
mechanical  vibrations  are  present.  It  is  the  aim  to  develop  the  active  length  control  further  up  to  a  level,  where  an  optical 
table  is  not  necessary  any  more  for  stationary  phase-locking. 


4  CONCLUSIONS 

The  investigated  set-up  for  phase-locking  of  two  CO2  lasers  is  properly  operating  under  laboratory  conditions.  The 
dependencies  of  the  locking  range  on  the  different  coupling  coefficients  were  identified.  The  thermal  drift  of  the  set-up  as 
well  as  mechanical  vibrations  which  arise  despite  the  optical  table  can  be  compensated  by  a  computerised  control  of  the 
resonator  length.  Stronger  mechanical  disturbances  can  not  yet  be  compensated  by  the  control  loop. 
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ABSTRACT 

A  comparison  is  made  between  the  beam  quality  parameter  and  a  new  times-diffiaction-limit-factor  (TDL)  for  two  high 
peak  power  XeCl  lasers.  The  laser  systems,  equipped  with  unstable  resonators,  emit  beams  with  different  geometrical 
characteristic  and  optical  quality.  The  results  show  that  the  M^-factor  is  always  larger  than  the  TDL  value  and  this 
discrepancy  increases  if  the  beam  is  almost  diffraction-limited.  A  novel  method  to  obtain  the  far-field  profile  of  coherent 
supergaussian-like  beams  and  a  simple  technique  to  estimate  the  beam  angular  stability  of  a  pulsed  laser  are  also  presented 

Keywords:  laser  beam  quality,  times-diffraction-limit,  M^,  excimer  laser,  beam  propagation,  beam  pointing  stability. 


1,  THE  LASER  BEAM  QUALITY  CONCEPT 

Recently  a  large  effort  was  done  to  define  a  standardisation  procedure  and  a  universal  parameter  to  characterise  a  laser 
beam^  Nowadays,  the  most  used  quality  parameter  is  the  M^-factor,  introduced  by  Siegman^,  which  represents  how  many 
times  a  laser  beam  is  far  from  the  TEMoo  gaussian  and  it  is  named  times-diffraction-limitfactor  by  the  relevant  ISO 
document^  The  main  advantage  of  the  M^-factor  is  that  it  is  invariant  under  an  ABCD  transformation.  Since  it  is  based  on 
the  comparison  of  the  beam  outcoming  from  a  generic  resonator  with  the  theoretical  gaussian  beam,  it  takes  into  account 
either  the  phase  and  the  gaussian-shape  deviations.  On  the  other  hand,  assuming  that  a  diffraction-limited  beam  is  a  beam 
having  a  constant-phase  wavefront  at  its  waist^,  the  TDL  factor  should  only  consider  the  near-field  phase  deviations.  This  is 
also  suggested  by  the  fact  that  phase  distortions  are  much  more  detrimental  for  the  diffraction  pattern  than  a  poor  intensity 
imiformity,  principally  concerning  the  power-in-the-bucket  value^  *^.  Moreover,  according  to  the  ISO.  document^  the  M^ 
”...may  not  apply  to  highly  diffractive  beams...’*,  and  problems  in  the  application  of  the  M^-method  for  sharp-edge  beams  are 
well  known^. 

Starting  from  these  considerations,  we  propose  a  TDL  factor  which  is  based  on  a  comparison  between  the  real  beam  and 
a  "reference  beam”  having  the  same  near-field  energy  density  (NFED)  profile  of  the  real  beam,  and  a  constant  phase 
wavefront.  In  this  way,  the  far-field  pattern  of  the  reference  beam  represents  the  diffraction-limited  profile  of  the  real  beam. 
This  TDL  factor  can  be  used  for  any  stable/imstable  hard/soft-edged  resonator  beam. 

To  make  a  quantitative  comparison  between  the  reference  and  the  real  beam  let  us  introduce  the  parameter  Q  =  k  / 
where  k  is  the  percentage  of  the  total  energy  emitted  within  a  full  angle  6  in  the  far-field  zone,  and  d  can  be  chosen  starting 
from  a  fixed  energy  content  k,  or  at  1/e^  of  the  energy  density  maximum.  Then,  the  TDL  factor  can  be  defined  as:  ' 


TDL 


(1) 


where  the  superscripts  RB  and  real  refer  to  the  Q  parameter  for  the  reference  and  the  real  beam,  respectively.  In  essence, 
this  TDL  definition  is  proportional  to  the  ratio  between  the  angular  spread  of  a  phase-distorted  beam  and  that  of  a  constant- 
phase  beam  with  the  same  NFED  profile,  taking  into  account  the  respective  energy  contents,  so  that  it  could  be  read  as  a 
sort  of  generalised  Strehl  ratio^. 
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From  Eq.  (1)  it  follows  that  when  the  far-field  energy  density  (FFED)  distribution  of  the  reference  and  the  real  beam 
have  a  similar  shape,  then  the  TDL  factor  reduces  to  the  ratio  between  the  respective  divergence  angle  values. 

The  procedure  to  obtain  the  TDL  factor  can  be  summarised  as  follows^^: 

a)  Measurement  of  the  real  beam  NFED  distribution; 

b)  Measurement  of  the  real  beam  FFED  distribution  obtained  by  focusing  the  beam  through  an  optical  system; 

c)  Definition  of  the  reference  beam  by  the  interpolation  of  the  NFED  distribution  and  calculation  of  the  FFED  profile  of 
the  interpolating  fimction,  supposed  spatially  coherent,  by  means  of  the  Kirchoff  integral  using  the  parameters  of  the 
focusing  system; 

d)  Calculation  of  the  Q  parameter  (at  1/e^  or  at  a  fixed  k)  of  the  FFED  distribution  both  for  the  reference  and  the  real 
beam  and  use  of  Eq.  (1) 

We  have  measured  this  TDL-  and  the  M^-factor  for  two  high  peak  power  excimer  laser  beams  with  very  different  optical 
quality,  as  discussed  in  Section  3. 


2,  THE  EXCIMER  LASER  SYSTEMS 

In  the  Excimer  Lasers  Laboratory  in  the  ENEA  Research  Centre  of  Frascati,  two  high  peak  power  XeCl  laser  systems, 
named  Hercules  and  Ianus^^“^^,  have  been  equipped  with  different  unstable  resonators  and  their  main  features  are  reported 
in  Table  1. 


Features 

Laser 

systems 

Near-field  beam 
size  @84% 
energy  [cm^] 

Output 
energy  [J] 

Laser  pulse 
FWHM  [ns] 

Divergence 
@84%  energy 
[/irad] 

Radiance 
[W/(cm2  ster)] 

Max  repetition 
rate  [Hz] 

lANUS 

(GSFUR) 

TT  (0.37)2 

0.01 

75 

59 

8.110'3 

100 

HERCULES 

(PBUR) 

5 

120 

170  X 100 

6.210'3 

10 

Table  1.  Main  features  of  lanus  and  Hercules  laser  systems  (emission  wavelength  X  =  308  nm). 


A  confocal  positive  branch  unstable  resonator  (confocal  PBUR)  with  magnification  5  and  hard-edge  output  coupler  has 
been  mounted  on  Hercules,  a  large  aperture  laser  (electrode  gap  [x]  x  discharge  width  [y]  x  discharge  length  [z]  -  5  x  9  x 
100  cm^)  pumped  by  a  X-ray  triggered  discharge^"*"^^.  The  5  J,  120  ns  full-width  half  maximum  (FWHM)  output  pulse  was 
monitored  by  collecting  the  visible  fluorescence  generated  by  the  radiation  incident  on  an  alumina  target  with  a  video  digital 
system  (tv  camera,  A/D  converter,  firame  memory).  The  NFED  distribution  along  the  vertical  (y)  axis  is  plotted  in  fig.  la, 
together  with  a  best-fit  function  whose  expression  is  described  in  the  following  Section. 

In  order  to  focus  the  beam,  the  resonator  has  been  put  out  of  the  confocal  position,  to  obtain  an  equivalent  focal  length  of 
26  m.  The  FFED  profile  has  been  measured  by  using  the  knife-edge  method.  Fig.  lb  shows  the  experimental  measurement 
along  the  y  direction,  together  with  the  interpolating  function  which  represents  the  FFED  profile  of  the  real  beam. 

The  double-head,  spiker-sustainer  pumped  lanus  laser  system  has  been  operated  in  a  power  oscillator-  power  amplifier 
(POPA)  configuration*^.  A  negative  branch,  generalised  self-filtering  unstable  resonator  (GSFUR)*^  with  absolute 
magnification  8  has  been  mounted  on  the  smaller  of  the  two  discharge  regions  (cell  1:  2  x  1.5  x  90  cm^),  while  the  second 
active  medium  is  used  for  one-pass  amplification  (cell  2:  3  x  2  x  90  cm^).  The  GSFUR  output  beam  has  a  circular  symmetry, 
with  a  10  mJ,  75  ns  FWHM  pulse.  The  NFED  profile  is  reported  in  fig.  2a,  and  the  knife-edge-scanned  FFED  distribution, 
obtained  by  focusing  the  beam  by  means  of  a  mirror  with  an  effective  focal  length  of  3.16  m,  is  shown  in  fig.  2b. 

The  oscillator  beam  was  injected  into  the  second  discharge  region  and  the  amplified  pulse  had  an  output  energy  of  90  mJ 
and  85  ns  FWHM,  maintaining  the  circular  symmetry  either  in  the  near-  and  far-field.  Fig.  3a  shows  the  energy  density 
profile  in  the  near-field,  while  fig.  3b  shows  the  corresponding  far-field  measurement  obtained  by  focusing  the  amplified 
pulse  by  a  mirror  with  an  effective  focal  length  of  2.75  m. 
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X  RESULTS  AND  DISCUSSION 


We  have  applied  the  method  reported  in  the  ISO  document^  to  calculate  the  M^-factor  for  our  laser  beams  whereas  a 
simple  technique  has  been  used  to  interpolate  the  NFED  distribution  and  to  obtain  tlie  corresponding  FFED  profile.  This 
technique  is  based  on  the  representation  of  a  supergaussian-like  function  by  means  of  the  convolution  product  (CP)  of  a 
gaussian  with  a  rectangle  function.  The  propagation  of  a  beam  in  the  far-field  zone,  obtained  the  Kirchoff  integral, 
reduces  to  a  Fourier  transform  (FT)  when  the  paraxial  beam  is  focused.  Because  the  FT  of  a  CP  is  the  product  of  the  FT  of 


distribution  (dotted  line). 


Fig.  2 :  a)  near-field  profile  (at  y  =  0)  of  the  lanus  GSFUR  beam  at  1 . 36  m  from  the  output  coupler;  b)  far-field  integrated 
energy  distribution  of  the  beam  measured  by  the  knife-edge  method  (squares  and  solid  line)  and  the  corresponding  far- 
field  energy  density  distribution  (dotted  line). 


Fig.  3:  a)  near-field  profile  (at  y  =  0)  of  the  lanus  POPA  beam;  b)  far-field  integrated  energy  distribution  of  the  beam 
measured  by  the  knife-edge  method  (squares  and  solid  line)  and  the  corresponding  far-field  energy  density  distribution 
(dotted  line). 
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the  single  functions,  the  far-field  profile  of  a  supergaussian-like  function  is  the  product  of  a  gaussian  with  an  Airy  function 
(in  circular  symmetiy)  or  with  a  sine  function  (in  rectangular  symmetry). 

Figs,  la,  2a  and  3a  show  the  experimental  points  of  the  NFED  distribution  together  with  the  respective  CP  function  with 
proper  parameters,  while  in  figs,  lb,  2b  and  3b  the  unidimensional  integral  of  the  corresponding  propagated  (and  properly 
widened)  fonction  is  plotted  (solid  line).  The  presence  of  the  hole  in  the  near-field,  due  to  the  shadow  of  the  output  coupler 
in  Hercules  (see  fig.  la),  is  included  in  the  calculation^®.  Figs,  lb,  2b  and  3b  also  show  the  FFED  profile  of  the  Hercules  and 
lanus  real  beams  (dotted  line). 

We  compared  the  NF-factor  with  our  TDL  number,  obtained  by  Eq.  (1)  either  at  a  fixed  k  (in  this  case  k  =  86.5%),  and 
at  6  taken  at  1/e^  of  the  intensity  maximum.  The  results  are  summarised  in  Table  2.  The  M^-factor  is  always  larger  than  the 
TDL  number,  due  to  the  non  gaussian  shape  of  the  laser  beams.  However,  when  the  beam  has  low  spatial  coherence,  as  in 
the  case  of  Hercules,  the  difference  between  om*  TDL  and  the  is  small,  about  12%  for  TDL  at  1/e^  for  the  Hercules 
horizontal  axis  and  less  than  1%  for  the  vertical  one.  The  difference  is  remarkable  when  the  beam  has  good  spatial 
coherence,  as  in  the  case  of  lanus,  where  the  discrepancy  is  18%  for  the  GSFUR  beam  and  44%  for  the  amplified  beam. 


LASER  SYSTEM 

TDL 

{Q86.5%) 

TDL 

(Ql/e^) 

NF 

lANUS  GSFUR 

1.1 

1.1 

1.3 

lANUS  POPA 

1.6 

1.6 

2.3 

HERCULES  horizontal 

16.8 

17.6 

19.7 

HERCULES  vertical 

12.9 

13.3 

13.6 

Table  2:  lanus  and  Hercules  times-diffraction-limit-factors 


4.  BEAM-ANGULAR-STABILITY  MEASUREMENT 

We  have  checked  the  beam-angular-stability  (BAS)  of  the  lanus  beam  by  means  of  a  novel  technique which  is  simpler 
to  be  used  than  the  method  suggested  by  the  ISO  document^®  even  if  it  is  less  general.  The  beam  was  focused  ly  a  f=  50  cm 
lens  on  a  40  fim  thick  copper  foil,  until  a  hole  was  created,  after  a  few  shots.  The  irradiation  was  stopped  when  the 
transmitted  energy  fluctuation  was  of  the  same  order  of  the  total  beam  one  (which  was  previously  measured  and  equal  to 
about  10%).  By  measuring  the  beam  energy  distribution  in  the  focal  plane  and  the  hole  dimension,  it  was  possible  to 
estimate  the  angular  displacement  corresponding  to  a  10%-transmitted-energy  fluctuation.  The  BAS  of  the  GSFUR  beam 
resulted  symmetrical  and  equal  to  6  ptrad,  about  1/10  of  the  full-beam  divergence,  whereas  the  amplified  beam  created  an 
elliptical  hole  corresponding  to  a  BAS  of  9  /xrad  along  the  y  direction  and  of  13  /irad  along  the  x-axis.  The  larger  value 
along  the  x  direction  could  be  partially  due  to  thermal  instability  of  the  beam  handling  system. 


5.  CONCLUSION 

We  have  presented  a  new  method  to  estimate  the  TDL  factor  of  a  laser  beam,  including  hard-edge,  unstable  resonator 
beams,  which  is  only  based  on  the  phase  distortion  of  the  beam  itself.  We  have  tested  this  method  on  two  high  peak  power 
excimer  laser  beams  and  the  results  have  been  compared  with  the  corresponding  M^-factor,  It  has  been  seen  that  the 
difference  between  our  TDL  and  the  M^-factor  are  larger  when  the  beam  is  non  gaussian  and  it  has  a  good  optical  quality, 
like  lanus.  This  is  because  the  TDL  factor  gives  information  on  the  spatial  coherence  of  the  real  beam  regardless  of  its 
amplitude  shape  which,  on  the  contrar> ,  may  heavily  affect  the  M^-factor. 

Finally,  we  have  presented  a  simple  technique  which  is  suitable  to  measure  the  beam  angular  stability  of  pulsed  high 
peak  power  laser  beams. 


6.  REFERENCES 

1.  See,  e.g,,  H.  Weber,  "Some  historical  and  technical  aspect  of  beam  quality",  Opt  Quantum  Electron.  24  S861-S864 
(1992) 

2.  A.E.  Siegman,  "New  Developments  in  Laser  Resonators",  Proc.  SPIE  1224, 2-12  (1990) 


360 


3.  Document  ISO/TC  172/SC  9/WG  1,  Terminology  and  test  methods  for  lasers.  Manuscript  for  ISO/DIS  11146  Optics 
and  optical  instruments  Lasers  and  laser  related  instruments  Test  methods  for  laser  beam  parameters:  Beam  widths, 
divergence  angle  and  beam  propagation  factor  "(February  15,  1995) 

4.  O.  Svelto,  Principles  of  Lasers^  p.  397,  Plenum  Press,  New  York  (1989) 

5.  C.M.  Clayton,  "Diagnostic  for  a  developmental  Iodine  laser",  Laser  Beam  Radiometry  Proc.  SPIE  888,  28-35  (1988) 

6.  P.  Perlo,  "Laser  beam  qualification  and  high  power  optical  components  design  and  testing".  Laser  systems  application 
in  industry,  pp,  401-409,  ed.  AT  A,  Torino,  Italy  (1990) 

7.  M.  Lurie,  "Coherence  and  its  effect  on  laser  arrays",  in  Surface  Emitting  Semiconductor  Laser  and  Arrays,  pp.  435- 
465,  G.A.  Evans  and  J.M.  Hammer  eds..  Academic  Press  (1993) 

8.  See,  e.g.,  P.A.  Belanger,  Y.  Champagne  and  C.  Pare,  "Beam  propagation  factor  of  diffracted  laser  beams".  Opt 
Commun.,  105,  233-242  (1994) 

9.  M.  Bom  and  E.  Wolf,  Principles  of  Optics,  pp.  460-462,  6^  ed.  Pergamon  Press  (1993) 

10.  S.  Bollanti,  P.  Di  Lazzaro  and  D.  Murra,  "How  many  times  is  a  laser  beam  diffraction-limited?",  Opt  Commun., 
submitted  for  publication 

11.  P.  Di  Lazzaro,  T.  Letardi  and  C.  E.  Zheng,  "Discharge  medium  influence  on  XeCl  excimer  laser  beam  quality",  II 
Nuovo  Cimento  D  14,  41-48  (1992) 

12.  T.  Letardi,  S.  Bollanti,  P.  Di  Lazzaro,  H.  Fang,  F.  Flora,  S.  Fu,  A.  Gerardino,  G,  Giordano,,  N.  Lisi,  L.  Mezi,  G. 
Schina,  A.  Torre  and  C.E.  Zheng,  "Excimer  laser  development  and  applications  at  the  ENEA  Frascati  Centre",  Proc. 
SPIE  1810,  pp.340-347,  C.  Fotakis,  C.  Kalpouzos,  T.  Papazoglou,  Eds.  (1993) 

13.  S.  Bollanti,  P.  Di  Lazzaro,  F.  Flora,  G.  Giordano,  T.  Letardi,  D.  Murra,  C.  Petrucci,  G.  Schina,  O.  Uteza  and  C.  E. 
Zheng,  "Experimental  and  theoretical  results  of  high  optical  quality  excimer  laser  beams".  High  Power  Lasers-Science 
and  Engineering,  NATO-ASI  vol.  3/7,  pp.  191-198,  R.  Kossowsky,  M.  Jelinek  and  R.F.  Walter,  Eds.,  Kluwer 
Academic  Publishers,  The  Netherlands  (1996) 

14.  S.  Bollanti,  P.  Di  Lazzaro,  F.  Flora,  G.  Giordano,  T.  Hermsen,  T.  Letardi  and  C.  E.  Zheng,  "Performance  of  a  ten-liter 
electron  avalanche-discharge  XeCl  laser  device",^/?/?/.  Phys.  B  50,  415-423  (1990) 

15.  S.  Bollanti,  P.  Di  Lazzaro,  G.  Giordano,  F.  Flora,  T.  Letardi,  G.  Schina,  M.  Portaccio,  A.  Torre  and  C.  E.  Zheng, 
"High  brightness  large  aperture  excimer  laser  radiation",  in  Proc.  Int  Conf  on  Lasers  *91,  pp.  669-675,  F.  J.  Duarte 
and  D.  G.  Harris,  Eds.,  STS  Press,  Me  Lean,  VA  (1992) 

16.  T.  Letardi,  S.  Bollanti,  P.  Di  Lazzaro,  F.  Flora,  N.  Lisi  and  C.  E.  Zheng,  "Some  design  limitations  for  large-aperture 
high-energy  per  pulse  excimer  lasers",  11  Nuovo  Cimento  D  14,  495-507  (1992) 

17.  S.  Bollanti,  P.  Di  Lazzaro,  F.  Flora,  T.  Letardi,  D.  Murra,  C.  Petrucci,  O.  Uteza,  "Study  of  a  compact  three-electrode 
oscillator-amplifier  excimer  laser  system",  Opt  Commun.,  accepted  for  publication  (1996) 

18.  P.  Di  Lazzaro,  T.  Hermsen  and  C.  E.  Zheng,  "A  generalisation  of  the  self-filtering  unstable  resonator",  IEEE  J. 
Quantum  Electron.  QE-24,  1543-1547(1988) 

19.  Document  ISO/TC  172/SC  9/WG  1,  Terminology  and  test  methods  for  lasers.  Provisional  manuscripts  for  ISO/DIS  11 
670  "Optics  and  optical  instruments  Lasers  and  laser  related  instruments  Test  methods  for  laser  beam  parameters: 
Beam  positional  stability"  (August  31,  1994) 


361 


Improvement  in  the  performance  of  a  high  average  power  XeCl  laser 


B.Lacour,  H.  Besaucde*,  H.  Bmnet,  C.  Gagnol  and  B.  Vincent 
CILAS,  route  de  Nozay,  91460,  MARCOUSSIS,  FRANCE. 
Tel.(l)64  54  49  16,  Fax  (1)  64  54  48  18 
*  SOPRA,  26  rue  Pierre  Joigneaux,  92270,  BOIS-COLOMBES,  FRANCE. 


ABSTRACT 


A  500  W,  corona  photo  triggered  XeCl  laser  has  been  upgraded  up  to  1100  W  by  increasing  its  input  energy. 
Discharge  efficiency  in  excess  of  4  %  has  been  demonstrated.  The  maximum  average  power  was  obtained  at  440  Hz 
repetition  rate. 

Keywords :  laser,  excimer,  XeCl,  IkW. 

1.  INTRODUCTION 

Excimer  lasers  are  known  since  a  long  time  to  be  attractive  U.V.  sources  usable  for  many  applications.The 
development  of  them  has  been  however  slowed  down  by  the  lack  of  commercially  available  high  average  power  Excimer 
lasers.  Within  the  framework  of  the  Eureka  EU  205  European  program,  we  have  developed  a  high  average  power  XeCl 
laser  based  on  the  concept  of  the  “fast  phototriggering”.  The  “phototriggering”  as  it  was  proposed  in  1982  Ms  a  simple 
and  efficient  way  to  operate  reliably  an  Excimer  laser  since,  by  making  the  discharge  be  its  own  switch,  it  reduces 
considerably  the  stresses  on  the  main  switch  of  the  laser.  Efficient  operation  at  high  output  energy  has  been 
demonstrated  ^  and  long  pulses  have  been  obtained  A  small  one  has  been  operated  at  high  repetition  rate  but 
attempt  to  achieve  high  repetition  rates  with  a  larger  device  have  shown  that  the  spontaneous  breakdown  of  the 
discharge  was  a  limiting  factor.  As  a  way  to  overcome  this  difficulty,  the  concept  of  “fast  phototriggering”  as  been 
proposed.  It  has  been  first  tested  on  a  laboratory  device  called  “530“  and  found  very  efficient  A  more  industrial 
laser,  the  “635-  T  has  then  been  built.  Its  performances  have  been  given  recently^.  An  improved  version,  the  “635-2” 
has  been  derived  from  it  and  is  described  in  this  paper.  Fundamentals  are  the  same  but  various  improvements  have  been 
brought  in  order  to  improve  the  efficiency  of  the  laser,  the  beam  homogeneity  and  to  make  it  easier  to  use  and  more 
reliable. 


2.  OPERATING  PRINCIPLE 

Every  discharge  excimer  laser  is  operated  with  a  preionization  device  that  puts  an  initial  electronic  density  in  the 
gas,  and  a  main  discharge  system  that  makes  this  density  to  increase  up  to  breakdown  thru  avalanche  processes. 

In  a  “classical”  photo  triggered  excimer  laser,  the  voltage  is  set  across  the  discharge  on  a  jis  time  scale  and  it 
can  be  considered  as  constant  during  the  avalanche  grow.  Then  it  is  possible  to  define  a  avalanche  time  that  will  only 
depend  on  the  gas  mixture  composition,  on  the  reduced  field  and,  to  a  less  extent,  on  the  preionization  density  and  on 
the  main  electrical  circuit  impedance^. 

In  this  case  the  only  difficulty  for  the  preionization  device  is  to  put  electrons  in  the  gas  faster  than  collisional 
ionization  does,  in  order  to  begin  the  discharge  from  a  sufficiently  high  streamers  density. 

Unfortunately  free  electrons  appearing  between  the  electrodes  due  to  natural  radioactivity,  corona  parasitic 
discharge,  field  effect  emission,  left  by  the  preceding  discharge  or  created  by  the  U.V.  photons  emitted  by  this  preceding 
discharge  can  also  start  an  avalanche  process  leading  to  an  uncontrolled  breakdown  with  arc  formation. 

Even  a  single  free  electron  in  the  future  discharge  volume  can  produce  such  a  non-controlled  breakdown.  Once 
the  electronic  density  of  the  one  electron  initiated  avalanche  reaches  the  standard  preionization  value,  it  becomes 
impossible  to  control  the  discharge.  The  buildup  time  of  this  phenomenon  is  of  the  same  order  of  magnitude  than  the 
preionization  to  discharge  delay  or  slightly  longer.  (From  1  to  10*  e/cm^  in  the  first  case,  from  10*  to  10’^  e/cm^  in  the 
second). 

This  single  initial  electron  can  appear  within  the  discharge  volume  at  any  time.  Depending  on  the  field  value  at 
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this  time  t,  and  on  the  field  time  dependency,  its  avalanche  will  reach  10“  e/cm’  at  the  time  tp.  In  figure  la  and  Ib^,  we 
have  plotted  simultaneously  all  these  points  tp  as  well  as  the  time  evolution  of  the  charging  voltage  across  the  discharge 
for  the  two  voltage  rise  times  10  p.s  and  400  ns.  The  best  timing  range  for  the  preionization  pulse  is  also  shown.  It  is 
clear  in  these  figure  that  400  ns  constitute  a  safe  operating  point  with  no  risk  of  uncontrolled  breakdown.  It  is  possible 
to  operate  the  laser  at  high  repetition  rate  with  longer  charging  time  if  one  knows  how  to  avoid  gas  ionization  due  to 
radiation  from  the  preceding  discharge.  Actually  in  the  635  laser  we  have  a  charging  time  of  the  order  of  400  to  600  ns. 


. N=10*cm’ 


0  100  200  300  400  500  600 

Time  (ns) 


. N  =  10*cm’ 


Figure  1.  Laser  voltage  and  correlated  time  of  appearance  of  a  10*  e/cm’  elecu-onic  density  due  to  randomly 
distributed  ionizing  events.  Laser  pressure  5  bar,  Ne/Xe/Cl  =  998.3/1/0.7,  electrode  spacing  3  cm.  =  DC 
breakdown  voltage,  P,  =  preferred  preionization  range. 


3.  DESCRIPTION 

The  “635”  laser  has  been  previously  described  elsewhere^  .The  design  includes  in  the  same  stainless  steel 
cylindrical  vessel  the  complete  gas  circulation  system,  the  discharge  and  the  complete  high  current  and  high  voltage 
circuitry.  The  overall  volume,  including  gas  bottles,  vacuum  pump,  blowers  motors  and  high  voltage  supplies  is  less 
than  4  m’. 

The  capacitors  lay  out  and  the  geometry  of  the  discharge  current  loop  have  been  improved  with  respect  to  the 
530  prototype.  Hence,  a  very  uniform  field  is  achieved  between  the  electrodes  and  along  the  insulators  surfaces  while 
keeping  the  inductance  very  low. 

The  discharge  volume  is  600  x  35  x  35  mm’  (defining  the  name  of  this  laser  :“635”)  and  the  gas  flow  speed 
35  m/s.  The  laser  is  usually  operated  at  4.5  bar  with  a  typical  gas  mixture  containing  0.7%o  HCl  and  2%<j  Xe  in  Ne 
buffer  gas. 

The  electric  scheme  is  of  the  charge  transfer  type  but  with  a  separate  circuit  to  control  the  corona  preionization 
device.  The  discharge  loop  inductance  is  only  8  nH,  while  the  thyratron  (or  primary!)  circuit  inductance  is  much  higher, 
280  nH.  Therefore  no  additional  energy  can  be  transferred  directly  from  the  primary  capacitors  to  the  discharge  when  the 
discharge  breaks  down. 

For  the  first  studies  (635-1),  the  primary  and  discharge  capacitors  had  the  same  value  :  184  nF.  The  results 
described  here  on  the  “635-2”  have  been  obtained  with  higher  values,  respectively  254  and  242  nF. 

Preionization  is  based  on  a  corona  discharge  (also  called  barrier  discharge)  that  takes  place  between  the  rear  face 
of  the  cathode  and  a  ceramic  surface.  The  first  cathode  we  used  had  narrow  slits  and  was  3  nun  thick.  The  cathode  used 
in  this  work  on  the  “635-2”  has  wider  slits  and  is  only  2  mm  thick  and  we  have  replaced  the  first  vitroceramics  plate 
with  an  alumina  plate.  Preliminary  measurements  let  us  suppose  that  the  preionization  density  is  higher  now. 


363 


4.  EXPERIMENTAL  RESULTS 


4.1,  Low  repetition  rate  operation 


4.1.1.  Effect  of  preionization  pulse  width. 


In  a  classical  photo  triggered  laser,  the 
preionization  electrons  are  produced  under  high  reduced 
field  conditions  and  multiplication  thru  collisional 
ionization  starts  immediately.  Thus  the  preionization 
must  be  short  to  be  effective  and  not  be  drowned  in  the 
avalanche  electrons.  In  a  “fast  photo  triggered”  XeCl 
laser,  because  of  the  shorter  rise  time  and  of  ionization 
rate  of  the  gas  mixture,  it  is  possible  to  preionize  the 
gas  at  any  time  between  the  beginning  of  the  voltage 
rise  up  to  its  maximum  value,  while  keeping  the  same 
breakdown  voltage.  Therefore  we  can  have  the  same 
preionization  pulse  in  the  presence  of  a  multiplication 
rate  ranging  from  a  negative  to  a  highly  positive 
value. 

Figure  2.  Laser  output  energies  as  a  function  of  the  reduced  field 
Figure  2  shows  how  the  output  energy  of  the  value  when  the  preionization  pulse  is  applied.  Total  discharge 

“530”  and  the  “635”  lasers  depends  on  the  voltage  at  voltage  rise  time:  400ns,  preionization  pulse  width:  10ns. 
the  preionization  time.  As  a  comparison,  we  have 

plotted  in  this  figure  the  effective  preionization  calculated  value,  assuming  a  10  ns  FWHM  U.V.  pulse  (i.e.  a  10  ns  rise 
time  for  the  electronic  density  due  to  preionization).  It  can  be  seen  that  this  supposed  rise  time  is  in  accordance  with 
“530”  laser  output  energy  v.s.  field.  In  the  case  of  the  “635”  laser,  it  seems  that  the  improvements  brought  to  the 
preionization  electrical  circuit  have  led  to  a  faster  and  more  efficient  preionization  pulse. 

4.1.2.  Energy  and  efficiencies 
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The  maximum  single  shot  output  energy 
obtained  with  this  “635-2”  laser  was  3.5  J  in  a  70  ns 
FWHM  pulse.  The  beam  was  square  and  very 
uniform,  ±  7%  over  more  than  60%  of  the  total  beam 
cross  section. 

First,  low  repetition  rate  results  with  the  “635- 
1”  laser  have  been  previously  reported.  Figure  3 
shows  the  efficiencies  obtained  on  the  upgraded  “635- 
2”  laser.  It  is  noteworthy  that  the  intrinsic  (or 
discharge)  efficiency  reaches  very  high  values, 
comparable  with  best  values  obtained  with  spiker- 
sustainer  circuits.  (Energy  and  voltage  measurement 
systems  have  been  thoroughly  verified  !)  The  very 
good  homogeneity  of  the  discharge  and  the  fact  that 
we  operate  the  laser  at  the  reduced  field  that 
corresponds  to  the  best  efficiency  can  explain  our 
results. 

Concerning  the  overall  (or  C^)  efficiency  (The 
electrical  power  for  the  blowers  is  not  taken  into 
account),  its  increase  is  due  simultaneously  to  the 
improvement  of  the  transfer  circuit  and  to  the  above 
mentioned  better  discharge  efficiency. 
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Figure  3.  Efficiency  v.s.  energy  put  in  C,,  C^,  or  discharge  as  a 
function  of  the  charging  voltage,  XeCl  gas  mixture  pressure 
4.5bar,  capacitances:  C  =254  nF,  C2=242nF. 
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4.2.  High  repetition  rate  operation, 


Figure  4.  LASERDOT  /  CILAS  635-2  laser.  Average  power  v.s. 
rep.  rate  frequency.  XeCl,  pressure  :  4.5  bar,  charging  voltage  : 
30  kV,  stored  energy  :  114J. 


The  laser  has  been  operated  at  various 
repetition  rate  frequencies.  Pulse  to  pulse  temporal 
evolution  was  monitored  with  a  fast  U.V.  photodiode 
and  a  digital  oscilloscope  operated  in  sequence  mode. 
Average  power  was  measured  by  accumulating  10 
shots  on  a  calorimeter.  Due  to  the  available  charging 
power  supplies  (5  x  10  kJ/s),  the  maximum  repetition 
rate  was  limited  to  435  Hz  at  30  kV  charging  voltage, 
corresponding  to  114  J  energy  input  per  shot. 

Figure  4  shows  the  average  output  power  as  a 
function  of  the  repetition  rate.  In  a  100  shot  burst  the 
energy  per  pulse  is  practically  constant  up  to  350  Hz 
and  shows  no  significant  time  dependency  up  to  400 
Hz.  At  435  Hz,  however  there  is  a  marked  decrease 
during  the  10  first  shots,  clearly  to  be  attributed  to  the 
on-set  of  a  acoustical  waves  reverberation  regime. 
There  was  no  damping  material  inside  the  laser,  but 


we  could  easily  install  them  and  hence  improve  the  high  repetition  rate  operation. 


5.  CONCLUSION 

-From  the  discharge  physics  point  of  view,  it  is  noteworthy  to  see  that  a  XeCl  laser,  operated  on  the  so  called 
“fast  phototriggering”  mode,  with  a  simple  charge  transfer  circuit,  a  very  uniform  field  inside  the  cavity,  and  an 
optimized  electrical  circuit,  is  able  to  reach  an  efficiency  that  is,  to  our  knowledge,  the  best  ever  achieved  with  an 
excimer  laser. 

-From  a  more  practical  point  of  view,  we  have,  here,  a  high  average  power  U.V.  laser  that  is  very  compact  and 
has  been  designed  to  be  reliable,  simple  and  easy  to  use.  High  productivity  applications  to  many  industrial  processes 
ranging  from  the  surface  cleaning  up  to  ceramics  machining  have  been  proved.  They  have  now  to  be  developed  and  to 
find  their  place. 
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ABSTRACT 

A  series  of  experiments  were  performed  to  investigate  the  fundamental  characteristics  of  a  KrF  laser 
pumped  by  electric  discharge.  The  mode  patterns  of  the  laser  were  observed  by  a  high  speed  camera.  A 
YBCuO  target  was  irradiated  by  the  same  laser  and  the  surface  conditions  were  observed  by  a 
microscope.  A  model  X-ray  source  for  pre-ionization  which  used  a  wire-initiated  plasma  source  was 
constructed. 

Keywords:  KrF  laser,  UV  and  X-ray  pre-ionization,  transverse  modes,  YBCuO  surface  irradiation 

2.INTRODUCTION 

We  have  presented  a  series  of  experimental  results  on  a  high  repetition  rate  KrF  excimer  laser 
pumped  by  electric  discharge.  UV  light  pre-ionization  by  arrays  of  small  pin  discharges  was  used  in 
these  experiments.  We  have  also  published  numerical  results  of  the  same  kind  of  laser.  ^  After  these 
works,  we  were  still  continueing  further  research  works  in  this  field,  and  the  results  are  presented  here. 

3.PREPARATION  OF  X-RAY  SOURCE  TO  PRE-IONIZE  KrF  LASER 

Although  UV  light  is  generally  used  for  the  pre-ionization,  X-ray  is  superior  to  the  UV  light.  X-ray 
well  penetrates  into  the  laser  gas  and  enable  us  to  form  a  uniformly  distributed  homogeneous  discharge. 
So  that,  we  have  newly  developed  a  X-ray  pre-ionization  apparatus  based  on  a  wire-ion-plasma  source. 

Fig.  1  is  a  schematic  diagram  of  the  X-ray  pre-ionization  apparatus  which  shows  the  cross  sectional 
view.  The  upper  part  is  the  wire-plasma  ion  source,  and  the  downward  extracted  ions  from  the  plasma 
source  are  accelerated  by  the  negative  high  voltage  electrode  at  the  lower  part.  The  secondary  electrons 
produced  by  the  ion  bombardment  are  also  accelerated  upward  to  the  uppermost  heavy  metal  thin  film 
(Ta),  and  X-ray  is  produced  by  this  electron  bombardment  to  the  upper  direction. 

Two  thin  W-wires  of  0.4mm  diameter  are  used  as  the  anodes,  and  a  nearly  coaxial  SUS  surrounding 
electrode  is  used  as  the  cathode.  These  arrangement  enable  us  to  produce  high  density  plasmas  with 
rather  low  applied  voltage.  Two  aperture  electrodes  at  the  both  ends  of  the  electrode  system  can  confine 
electrons  effectively,  and  the  repetitive  operation  can  be  realized  more  easily.  As  the  chamber  gas  is  He 
of  about  several  tens  Torr,  the  coefficient  of  the  secondary  electron  production  by  He  ion  is  important  for 
our  case.  The  nominal  value  for  lOOkeV  energy  He  ion  is  about  10  or  15,  for  example. 

The  thickness  of  the  top  wall  is  decided  under  the  compromise  of  two  factors.  The  thinner  wall  is 
necessary  for  the  smaller  reduction  of  the  X-ray,  while  the  thicker  wall  is  expected  for  the  stronger 
mechanical  structure.  This  compromise  must  be  more  strict  at  the  counterpart  wall  of  the  laser  chamber 
which  contains  the  dangerous  halogen  mixture  gas  of  the  pressure  of  a  few  atmosphere. 

The  mechanical  stress  imposed  on  the  upper  Teflon  window  for  X-ray  of  2mm  thickness  was 
calculated  .  The  transmitted  X-ray  through  the  Teflon  sheet  of  7mm  thickness  and  the  Cu  thin  film 
electrode  of  0.5mm  thickness  on  the  laser  main  chamber  was  also  calculated.  The  X-ray  flux  of  about 
30mR  was  estimated  under  the  condition  of  the  wire  pulsed  voltage  of  7.5kV  and  the  acceleration  high 
voltage  of  -80kV. 


4. BEAM  CHARACTERISTICS  OF  KrF  LASER 

As  the  early  experimental  results  of  this  subject  are  described  in  Ref.  (3),  the  most  recent  results  are 
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shown  in  this  article.  A  wind  tunnel  type  excimer  laser  apparatus  with  the  UV  light  pre -ionization  was 
also  used  here  as  before.  The  whole  experimental  arrangements  are  shown  in  Ref.  (3),  Although  the 
main  purpose  was  to  measure  the  spatial  and  time-varying  beam  patterns,  the  laser  power  output  and 
the  gas  constituents  were  measured  at  the  same  time. 

The  total  gas  pressure  was  set  at  3  atm,  and  the  continuous  laser  operation  was  tried  with  the 
repetition  rate  of  500  Hz  and  the  CR  value  of  2.0.  The  transverse  mode  of  the  laser  light  was  observed  at 
the  sequence  of  (l)lst,  (2)4x10^,  (3)1x104,  (4)1x10^  and  (5)1x10®  shot.  For  example,  the  mode  patterns 
and  the  intensity  distribution  are  shown  for  the  case  of  (1)  and  (5)  in  Fig. 2. 

The  result  of  the  laser  power  output  is  shown  as  a  function  of  the  laser  shot  number  in  Fig.  3,  To 
compare  with  this,  the  change  of  the  gas  constituent  with  the  laser  shot  number  is  shown  in  Fig. 4,  where 
the  H2O  history  is  shown  separately  from  the  others  of  O2,  CF4,  HF,  F2.  We  can  say  that  the  rather  rapid 
decrease  of  the  power  output  in  earlier  time  corresponds  to  the  rather  rapid  increase  of  impurities,  while 
the  slow  decrease  of  the  power  output  in  later  time  corresponds  to  the  slow  decrease  of  the  F2.  The  gas 
constituent  was  measured  with  a  mass  spectrometer  in  our  experiment.  We  did  not  use  any  gas  purifier, 
and  we  did  not  make  any  injection  to  add  F2  gas  in  this  experiment. 

We  also  measured  the  temporal  profiles  of  the  laser  light  with  a  high  speed  streak  camera.  The  streak 
photographs  were  also  taken  at  the  shot  sequence  of  (l)lst,  (2)4x10®,  (3)1x104,  (4)1x10'^  and  (5)1x10®, 
among  which  the  results  of  (1)  and  (5)  cases  are  shown  in  Fig.  5  and  6.  Together  with  the  raw  photos,  the 
laser  light  intensity  vs.  time  and  the  3-dimensional  plots  of  laser  light  intensity  are  shown  here.  We  can 
see  how  the  intensity  changes  with  the  continuous  operation  of  the  laser  with  high  repetition  rate.  From 
these  intensity  history  vs.  time,  we  can  get  Fig.  7,  where  the  time  duration  of  the  laser  light  is  shown  as  a 
function  of  the  laser  shot  number. 

5.ABLATION  OF  ROOM-TEMPERATURE  SUPER-CONDUCTOR  TARGET  BY  KrF  LASER 

The  same  laser  light  was  used  to  irradiate  a  room-temperature  super-conductor  material,  and  the 
ablated  surface  was  observed  by  a  microscope.  The  experimental  setup  is  shown  in  Fig. 8,  where  the 
nominal  experimental  conditions  are  as  follows.  The  laser  energy  per  shot  was  lOOmJ,  the  laser  spot  area 
was  4mm2,  the  laser  flux  was  0.2-2. 5J/cm^,  the  repetition  rate  of  the  laser  was  IHz,  the  chamber 
background  pressure  was  lxlO‘4Torr  and  the  target  material  was  YBCuO. 

The  laser  flux  was  changed  as  a  parameter  descretely  from  0,  to  0.2,  0.5,  1.0  and  2.5J/cm“.  The  solid 
YBCuO  surfaces  before  (See  Fig. 9(a))  and  after  the  single  laser  shot  were  observed  by  a  micrscope  of  500 
multiplication,  and  compared  with  each  other.  The  surface  was  rotated  along  the  axis,  and  the  laser  light 
was  injected  toward  the  renewed  surface.  The  irradiated  surface  started  to  emit  slight  light  at  0.5J/cm^ 
and  the  microscope  image  started  to  change  at  this  laser  flux.  At  1.0J/cm2  the  ablation  plume  bacame 
brighter,  and  the  area  of  melted  surface  increased.  At  2.5J/cm^  the  surface  luminescence  was  brightest, 
and  the  solid  surface  was  get  rid  of  partially.  Under  the  fixed  laser  flux  of  1  J/cm^,  the  irradiated  surface 
was  observed  after  1,  5,  10  and  50  laser  shots.  The  surface  was  melted  non-uniformly  even  after  the  25 
shots,  while  it  was  melted  uniformly  after  the  50  shots  (See  Fig.9(e)). 

With  these  kinds  of  observations  the  preferrable  laser  flux  for  the  laser  ablation  of  YBCuO  etc.  in  the 
field  of  industrial  application  can  be  found. 

6.FUTURE  PLANS 

Different  kinds  of  pre-ionization  methods  with  the  UV  light  and  the  X-ray  must  be  compared  in  the 
near  future.  Their  effects  on  the  laser  gas  flows  are  our  main  interests.  We  will  make  various  kinds  of 
flow  and  laser  diagnostics  to  measure  the  density  perturbations  after  the  laser  gas  discharge,  for 
example.  The  relation  between  the  residual  perturbations  and  the  laser  performances  must  be  also 
investigated. 


7.ACKNOWLEDGEMENTS 

Supports  by  a  Grant-in-aid  for  Scientific  Research  by  the  Ministry  of  Education,  Sport,  Science  and 
Culture  in  Japan  are  acknowledged  at  first.  Supports  to  promote  the  inland  and  international 
Cooperations  by  the  Japanese  Society  for  Promotion  of  Science  are  also  acknowledged.  Cooperation  with 
Osaka  University  (Institute  of  Laser  Engineering),  The  University  of  Electro-Communications  (Center 


367 


Fig.l.  Schematic  of  X-ray  pre-ionization  apparatus. 


Fig.  3.  Laser  power  output  vs.  shot  number. 
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Fig.2(a).  Beam  profile  and  intensity  distribution- 1.  Fig.2(b).  Beam  profile  and  intensity  distribution-2. 
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Fig.  5.  Time  resolved  laser  intensity- 1. 


Fig. 6.  Time  resolved  laser  intensity-2. 


Fig. 7.  Pulse  duration  vs.  shot  number. 
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Fig.8.  Ablation  of  YBCuO  surface  by  KrF  laser. 
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Fig.  9.  Microscope  images  of  YBCuO  after  vaious  number  of  shots  of  IJ/cm^  laser  irradiation. 
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ABSTRACT 

An  X-ray  preionized  LC-inversion  discharge  pumped  XeCI  leiser  has  been  converted 
for  KrF  operation.  The  X-rays  were  produced  by  a  long  pulse  (400  nsec  FVVHM) 
secondary  emission  electron  gun.  A  KrF  laser  energy  of  1.2  J  is  obtained,  only  slightly 
lower  than  those  obtained  in  a  XeCl  regime  at  the  same  pumping  conditions. 

INTRODUCTION 

The  VEL  laser,  a  1  kW  XeCl  laser  for  industrial  applications,  has  been  realized  in 
1992^.  It  is  desirable  to  have  the  possibility  to  operate  the  laser  at  other  wavelength 
with  the  minimum  of  re-equipment.  The  central  point  here  is  whether  or  not  the  long 
pulse  X-ray  generator  made  of  a  secondary  emission  electron  gun  currently  used  in  the 
VEL  laser  is  suitable  for  preionization  of  the  strong-attachment  fluorine- based  active 
gas  mixtures.  The  DENEB  excimer  laser,  previously  studied  as  a  VEL  prototype^, 
has  been  converted  for  KrF  operation  by  only  changing  the  laser  cavity  mirrors.  A 
parametric  study  is  presented  here. 


EXPERIMENTAL  SYSTEM 

The  DENEB  laser  pumping  circuit  as  well  as  the  X-ray  generator  design  have  been 
described  elsewhere^*^.  Here  is  given  a  brief  summary.  A  thyratron  switched  (two 
LS-4101  devices  in  parallel)  LC-invertor  with  the  arms  of  C\  =  62  =  227  nF  is  used 
for  the  40/5.3/3  cm^  sized  discharge.  The  preionizer  was  composed  of  a  pulsed  helium 
ion  source  (operating  pressure  of  about  30  //bar),  a  high-voltage  cathode  polarized  up 
to  —150  kV,  and  a  gold  coated  aluminium  output  window.  The  X-ray  pulse  duration 
was  about  400  nsec  (FVVHM).  The  interior  of  the  laser  chamber  was  coated  with  Ni. 
A  gas  purifier,  GP2000XR  (Oxford  Lasers  Ltd),  operating  at  110  K  was  applied. 

EXPERIMENTAL  RESULTS 

Typical  waveforms  of  the  discharge  current,  thyratron  current,  and  X-ray  do.se  are 
shown  in  Figure  1.  It  is  seen  from  the  figure  that  a  near-complete  voltage  doubling 
takes  place  before  the  discharge  breakdown  occurs.  The  current  oscillations  are 
indicative  of  the  strong  mismatch  between  the  discharge  and  the  pumping  circuit 
in  contrast  to  the  XeC3  operating  regime  realized  previously^.  This  is  partially  due 
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to  the  degradation  of  the  plasma  micro-structure  (filamentation)  during  the  pumping 
pulse,  though  no  glow-to-arc  discharge  transition  has  been  detected. 

Presented  in  Figure  2(a)  is  the  laser  energy  versus  the  Fo  content  of  the  active  gas 
mixture  Ne/Kr/F2  for  different  Ne/Kr  ratio.  Similar  dependences  on  the  Kr  content 
are  shown  in  Figure  2(b).  A  decrease  in  the  laser  energy  with  increasing  Fo  or  Kr 
content  is  due  to  discharge  filamentation  with  more  pronounced  effect  of  the  fluorine 
component.  In  contrast,  the  weak  gas  mixture  do  not  provide  the  laser  gain  required. 
The  optimum  active  mixture  composition  was  found  to  be  Ne/Kr/F2  =1000/20/0.7. 

No  laser  saturation  has  been  achieved  as  the  total  gas  pressure  or  the  store  charging 
voltage  increase  (Figures  3  and  4  respectively).  And  decline  in  the  KrF  laser  efficiency 
is  correspondingly  not  very  strong  (Figure  5).  The  maximum  output  of  about  1.2  J 
per  pulse  has  been  obtained  at  the  gas  pressure  of  3.5  bars  and  the  initial  charging 
voltage  of  30  kV.  This  result  compares  well  with  the  DENEB  laser  energy  of  about 
1.5  J  realized  in  the  XeCl  operating  mode  at  the  same  pumping  conditions.  But  the 
best  total  efficiency  of  about  0.9  %  is  only  half  the  efficiency  achieved  with  XeCl. 

With  a  relatively  uniform  discharge  structure,  such  a  difference  is  most  likely  due 
to  the  mismatch  between  the  pumping  power  density  and  the  resonator  configuration. 
An  increase  of  the  output  coupler  reflectivity  from  7  %  to  20  %  caused  a  drastic 
increase  in  the  laser  energy  (Figure  3,  4).  Likewise,  the  discharge  narrowing  from  3 
cm  to  1.5  cm  leads  to  an  increase  in  the  specific  laser  energy  from  80  mJ/cm^  to  160 
mJ/cm^. 

The  dependence  of  the  laser  energy  on  the  delay  time  between  the  onset  of 
preionization  and  the  discharge  breakdown  has  been  studied  (Figure  6).  As  one  would 
expect,  because  of  the  strong  attachment  properties  of  the  F2— molecule  the  allowable 
range  of  delay  time  is  narrower  than  in  XeCl  lasers.  The  best  results  have  been 
obtained  when  the  discharge  breakdown  occurs  just  at  the  maximum  of  the  X-ray 
pulse. 

The  X-ray  dose  has  been  varied  by  changing  the  electron-gun  voltage.  The  results 
are  presented  in  figure  7.  The  saturation  is  less  pronounced  than  it  was  observed  in 
XeCl  operation  regime^.  Nevertheless,  the  preionization  electron  density  created  is 
quite  sufficient  for  the  KrF  laser  discharge  initiation. 

CONCLUSIONS 

The  DENEB  excimer  laser  has  been  converted  for  the  KrF  operation  by  only  changing 
the  l2Lser  cavity  mirrors.  It  has  been  demonstrated  that  the  long  pulse  (400  nsec 
FWHM)  X-ray  generator  made  of  a  secondary  emission  electron  gun  currently  used 
in  the  1  kW  VEL  laser  is  suitable  for  the  preionization  of  fluorine-based  active  gas 
mixtures.  The  maximum  output  of  about  1.2  J  per  pulse  (specific  laser  energy  ^  160 
mJ /cnr)  has  been  obtained  at  the  gas  pressure  of  3.5  bars,  only  slightly  lower  than 
those  obtained  in  a  XeCl  regime  at  the  same  pumping  conditions. 

1.  B.  Godard  et  al,  ’’Realization  of  a  I  kW  XeCl  laser,”  GCL  IX,  1992,  Crete, 
SPIE  vol.  1810,  pp.  372-375. 

2.  D.  Pigache  et  al,  ”  A  secondary  emission  electron  gun  for  X-ray  preionization  of 
high  repetition  rate  XeCl  lasers,”  ICPIG  XIX,  1989,  Belgrad. 

3.  B.  Godard  et  al,  ’’Parametric  study  of  an  high  average  power  XeCl  laser,”  SPIE 
vol.  1503,  pp.  71-77. 


FIGURE  CAPTIONS 


Figure  1.  Typical  wavefurms  of  the  X-ray  dose  (top,  a.u.),  the  thyratron 
current  (bottom,  6  kA/div),  and  the  discharge  current  (50  kA/div). 
Ne:Kr;F2  =1000:20:0.7,  p=:3.5  bars,  Uq  =  25  kV;  time  scale:  200  nsec/div. 

Figure  2.  (a)  Laser  energy  vs  the  Fo  content  of  the  Ne:Kr:F2  active  gas  mixture  for 
different  Ne:Kr  ratio.  p=3.5  bars,  Uq  =25  kV;  (b)  Laser  energy  vs  the  Kr  content 
of  the  Ne:Kr:F2  active  gas  mixture  for  different  Ne:F2  ratio.  p=3.5  bars,  Uo  =25 
kV. 

Figure  3.  Laser  energy  vs  the  total  pressure  of  the  active  gas  mixture  for  two  different 
output  coupler  reflectivity.  Ne:Kr:F2  =  1000:20:0.7,  Uo  =25  kV. 

Figure  4.  Laser  energy  vs  the  initial  store  charging  voltage  for  two  different  output 
coupler  reflectivity.  p=3.5  bars,  Ne:Kr:F2  =1000:20:0.7. 

Figure  5.  Laser  efficiency  vs  the  initial  store  charging  voltage.  Ne:Kr:F2  = 
1000:20:0.7,  p=3.5  bars. 

Figure  6,  Laser  energy  vs  the  time  delay  between  the  onset  of  preionization  and  the 
discharge  breakdown.  Presented  on  the  inset  are  waveforms  of  the  X-ray  pulse 
(top)  and  the  discharge  current  (bottom),  time  scale:  200  nsec/div.  The  time 
delay  is  indicated  by  the  arrows.  Ne:Kr:F2  =1000:20:0.7,  p=3.5  bars,  Uo  =25 
kV. 

Figure  7 .  Laser  energy  vs  the  electron  gun  voltage  for  two  different  initial  charging 
voltage  of  the  main  energy  store.  Ne:Kr:F2  =1000:20:  0.7,  p=3.5  bars,  Uo  =25 
kV. 
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ABSTRACT 

High  energy  extraction  from  UV  pre-ionized  molecular  fluorine  lasers  is  hampered  by  the  short  period  of  discharge  stability 
and  the  spatial  inhomogeneity  of  the  discharge.  So  far  stable  discharge  operation  is  reported  for  small  discharge  cross 
sections  with  an  area  less  then  0.8  cm"  and  efficiencies  in  the  order  of  0.15  %.  To  increase  the  energy  extraction  of  the 
molecular  fluorine  laser  the  discharge  cross  section  should  be  enlarged.  Here  we  report  on  the  successful  operation  of  a 
molecular  fluorine  laser  with  a  large  discharge  cross  section  of  1.5  x  2.4  cm^  (electrode  spacing  x  discharge  width)  which 
operates  at  a  high  intrinsic  efficiency  of  0.45  %.  Crucial  for  obtaining  this  result  is  the  development  of  a  short  pulse,  high 
intensity  X-ray  pre-ionization  source. 

KEYWORDS:  laser,  gas  discharge,  molecular  fluorine.  X-ray  pre-ionization 

2.  INTRODUCTION 

The  molecular  fluorine  laser  which  emits  radiation  at  a  wavelength  of  157  nin  can  be  excited  by  electron  beam'  and 
discharge  pumping.  Although  the  electron  beam  pumped  systems  give  large  absolute  energ>'  outputs  they  are  not  practical 
for  applications  due  to  their  low  repetition  rate.  Therefore  in  recent  years  attention  is  focused  on  discharge  pumped 
molecular  fluorine  lasers^’^ 

To  operate  the  molecular  fluorine  laser  a  high  pumping  power  density  is  required^.  The  radiative  lifetime  of  the  upper  laser 
level  is  only  3.7  ns.  The  lower  laser  level  is  bound  but  can  be  depopulated  by  collisions  with  the  buffer  gas.  In  helium  the 
effective  lifetime  of  the  lower  laser  level  is  around  3  ns  at  a  pressure  of  5  bar.  A  fast  build  up  of  the  intracavity  laser  field  is 
required  before  the  lower  laser  level  is  populated  appreciably  and  laser  output  energy  saturates.  A  rapid  build  up  of  the  gain 
can  be  realized  with  a  high  pumping  power  density. 

In  UV  pre-ionized  discharge  pumped  fluorine  lasers  it  is  found  that  the  stability  of  the  discharge  strongly  depends  on  its 
geometric  cross  section.  A  stable  discharge  and  an  optimum  output  energy'  was  reported  for  a  discharge  with  a  cross  section 
of  0.8  X  1.0  cm^.  However,  an  increase  of  the  cross  section  did  not  lead  to  higher  output  energies^. 

In  the  present  contribution  we  will  discuss  the  successflil  operation  of  the  molecular  fluorine  laser  with  a  large  cross  section 
of  1.5  X  2.4  cm^  (electrode  spacing  x  discharge  width).  For  this  purpose  we  designed  a  laser  head  with  a  very  low 
inductance.  We  also  developed  a  new  short  pulse,  high  intensity  X-ray  pre-ionization  source.  It  is  found  that  the  output 
energy  scales  with  the  discharge  volume. 


3.  EXPERIMENTAL  SETUP 

The  laser  system  is  a  charge  transfer  discharge  device  with  a  low  inductance  laser  head  in  a  high  pressure  vessel,  as 
schematically  illustrated  in  Fig.  1.  The  laser  head  consists  of  two  meUil  plates  holding  two  rows  of  capacitors  in  between. 
The  tower  plate  is  made  of  aluminum  and  forms  the  anode.  The  nickel  plated,  aluminum  cathode  is  attached  to  the  upn?' 
plate.  The  capacitors  (type  TDK  UHV  5A/7A)  are  placed  along  the  cathode  and  are  as  close  as  possible  to  the  disch' 
gap.  This  construction  ensures  a  low  inductance  of  the  discharge  circuit.  The  inductance  of  the  laser  head  is  about  1.7  :  ^ 
The  laser  head  is  charged  by  a  double  stage  Marx  generator  which  has  a  total  capacitance  of  10  iiF.  The  capacitance  C ;  of 
the  laser  head  can  be  easily  varied  and  in  this  study  amounts  14  uF  and  30.6  nF  respectively.  The  cathode  has  a  length  ol  42 
cm  and  a  width  of  2.2  cm.  Setting  the  electrode  spacing  to  0.8  cm  results  in  a  discharge  width  of  1.4  cm  and  a  excited 
volume  of  46  cm^.  When  the  electrode  spacing  is  set  to  1.5  cm,  the  discharge  has  a  width  of  2.4  cm  and  the  excited  volume 
of  153  cm^. 

The  necessary  pre-ionization  is  provided  by  a  short  pulse,  high  intensity  X-ray  source.  The  X-ray  source  is  build  very 
compact  as  to  fit  into  the  laser  vessel.  It  employs  a  corona  plasma  cathode*  which  emits  electrons.  The  electron  accelerating 
voltage  ranges  from  40  kV  and  1 10  kV.  The  electrons  produce  Bremsstrahlung  when  they  are  decelerated  in  the  high  Z- 
malerial  which  is  attached  to  the  vacuum  housing  of  X-ray  source. 
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The  X-ray  source  is  mounted  under  the  anode.  The  X-rays  emitted  by  the  source  penetrate  the  aluminum  anode  and  ionize 
the  laser  gas.  In  the  discharge  volume  they  create  the  electron  density  necessary  to  ensure  a  homogeneous  and  stable 
discliarge  in  a  gas  mixture  of  helium  with  up  to  0.4  %  fluorine  at  a  total  pressure  of  5  bar.  In  the  configuration  as  depicted 
in  Fig.  I  the  source  can  deliver  up  to  60  mRad  in  the  discharge  volume  in  a  pulse  with  a  length  of  19  ns. 

The  X-ray  dose  is  measured  with  a  pen  dosimeter  (Physiotechnie  SEQ  6)  and  the  time  dependence  with  a  plastic  scintillator 
(NE102A)  in  combination  with  an  optical  fiber  and  a  photomultiplier’  (Hamamatsu  R763).  In  the  longitudinal  direction  the 
X-ray  source  has  a  flat  X-ray  emission  intensity  profile  (±  6  %)  over  a  length  of  46  cm. 


Fig.  1.  Cross-section  of  the  laser  system 

The  laser  is  operated  with  a  resonator  formed  by  a  dielectric  total  reflector  (  R  »  94  %,  Lambda  Physik)  and  an  uncoated 
MgF2  output  coupler.  The  length  of  the  resonator  is  70  cm.  The  mirrors  are  placed  inside  the  laser  vessel.  The  laser  beam 
emerges  from  the  vessel  through  a  MgF2  window.  The  window  is  tilted  5°  to  the  axis  of  the  laser  to  prevent  back  reflections 
into  the  laser  medium.  The  laser  energy  is  measured  with  pyroelectric  energy  meters  which  are  calibrated  versus  a  home 
made  Joule  meter*.  The  time  history  of  the  laser  pulse  is  measured  with  a  solar  blind,  vacuum  photodiode  (ITT  F4I15)  in 
combination  with  an  optical  transmission  filter  for  157  nm.  The  optical  paths  to  the  detectors  are  evacuated  to  avoid  strong 
absorption  of  the  157  nm  laser  light  by  the  Schumann-Runge  bands  of  molecular  oxygen.  The  output  energy  of  the  red 
atomic  fluorine  emission  which  usually  accompanies  the  157  nm  molecular  fluorine  emission  is  subtracted  from  the 
measured  total  energy. 

The  voltage,  current  and  X-ray  signals  from  the  short  pulse  discharge  system  are  measured  with  a  Tektronix  TDS  640 
oscilloscope. 

To  remove  absorbing  impurities  and  to  improve  the  lifetime  of  the  laser  gas  a  cryogenic  gas  purification  system  is  connected 
to  the  laser  system.  It  consists  of  a  circulation  pump,  a  liquid  nitrogen  cooled  trap  and  a  dust  filter.  The  purification  system 
is  used  during  all  the  laser  experiments. 


4.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

For  the  proper  operation  of  the  molecular  fluorine  laser  with  a  stable  glow  discharge  in  a  high  pressure  mixture  of  helium 
and  fluorine  the  optimum  conditions  for  X-ray  pre-ionization  are  investigated.  Fig.2  shows  the  time  dependence  of  tlie  X- 
ray  pulse,  the  voltage  on  the  electrodes,  the  current  through  the  laser  system,  the  input  power  and  the  laser  pulse.  The 
shown  signals  are  an  average  of  four  shots.  As  for  all  the  experiments  reported  here  a  gas  mixture  of  0.1%  fluorine  in 
helium  at  a  total  pressure  of  5  bar  is  used. 

After  file  Marx  generator  is  fired  the  capacitors  in  the  laser  head  are  charged  as  can  be  seen  from  the  voltage  rise  on  the 
electrodes.  During  the  voltage  rise  the  X-rays  are  injected  into  the  laser  gas  to  pre-ionize  the  gas  mixture.  After  typically  80 
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to  100  ns  the  gas  breaks  down  and  the  discharge  starts.  While  tlie  voltage  over  the  electrodes  drops  the  current  rises  very 
fast  and  power  is  deposited  in  the  laser  gas.  The  voltage  as  shown  in  Fig.2  is  corrected  for  Ldl/dt  due  to  the  inductance  of 
the  laser  head.  The  pump  power  deposition  in  tlie  laser  gas  can  be  calculated  from  the  measured  voltage  and  current  signals. 
The  resulting  pump  power  pulses  are  typically  6  ns  to  9  ns  wide  (FWHM).  The  laser  pulses  have  about  the  same  width  as 
the  pumping  pulse. 

The  optimum  output  energy  as  it  depends  on  the  timing  of  the  pre-ionization  is  reached  when  the  peak  of  the  X-ray  pulse 
falls  in  a  time  window  between  90  ns  and  50  ns  prior  to  the  discharge.  The  laser  output  energy  is  optimal  and  independent 
of  tire  electron  pre-ionization  density  when  the  X-ray  dose  is  above  5  niRad. 

The  electron  density  generated  with  the  X-ray  source  is  measured  with  an  ionization  chamber.  It  is  found  that  with  a  dose  of 
5  mRad  an  electron  density  of  1.5x10*  cm'^  is  generated  in  5  bar  argon.  The  electron  density  in  helium  is  about  40  times 
lower  and  corresponds  to  a  value  of  about  3.8x  10  cm  ^ .  This  value  is  in  the  same  order  as  reported  by  other  authors  for  the 
proper  pre-ionization  of  the  XeCl  lasers'®". 


Fig.  2.  The  time  dependence  of  the  X-ray  pulse,  the  voltage  on  the  electrodes,  the  current  through  the  laser ,  the  input  power 
and  the  laser  pulse  as  measured  for  a  charging  voltage  of  the  Marx  generator  of  20  kV,  a  capacitance  of  the  laser  head  of 
14  iiF  and  an  electrode  spacing  of  0.8  cm  (config.  I) 

The  laser  output  energy  is  plotted  in  Fig.  3a  as  a  fimction  of  the  charging  voltage  on  C|  for  three  different  configurations.  In 
configuration  I  the  capacitance  C;  of  the  laser  head  is  14  nF,  the  inductance  is  1.7  nH  and  the  electrode  spacing  set  to 
0.8  cm.  For  configuration  II  the  capacitance  C2  is  raised  to  30.6  nF,  the  inductance  amounts  0.9  nH  and  the  electrode 
spacing  is  kept  at  0.8  cm.  For  configuration  III  the  capacitance  C2  is  14  nF,  the  inductance  is  1.9  nH  and  the  electrode 
spacing  is  raised  to  1.5  cm. 

The  laser  is  powered  by  the  energy  stored  on  capacitance  C2  and  the  output  energy  will  thus  depend  on  the  voltage  on 
capacitor  C2.  Increasing  the  charging  voltage  on  Ci  leads  to  a  higher  rate  of  the  voltage  (dV/dt)  on  C2  and  a  higher 
breakdown  voltage  of  the  gas.  In  this  way  the  power  deposition  in  the  laser  is  varied.  As  can  be  seen  in  Fig.  3a  the  output 
energy  increases  for  all  three  configurations  with  increasing  charge  voltage  on  capacitor  C,.  Increasing  the  capacitance  in 
configuration  I  from  14  nF  to  30.6  nF  and  keeping  the  electrode  spacing  at  0.8  cm  (config.  II)  leads  to  an  increase  in  stored 
energy  on  capacitor  C2  and  an  increfise  in  output  energy.  Higher  energy  extraction  can  be  reached  by  an  increase  of  the 
electrode  spacing  from  0.8  cm  to  1.5  cm  with  the  capacitance  C2  at  14  nF  (config.III).  An  increase  in  the  electrode  spacing 
results  in  a  higher  breakdown  voltage  and  a  higher  energy  stored  on  capacitor  C2.  A  larger  discharge  volume  is  pumped  and 
the  output  energy  will  increase.  As  can  be  seen  in  Fig.  3a  the  output  energy  increases  by  almost  a  factor  of  three. 

The  specific  output  energy  is  plotted  in  Fig.  3b  as  a  function  of  the  peak  power  pumping  density  for  the  three  configurations 
used.  As  can  be  seen  in  Fig.  3b  the  specific  output  energy  increases  with  increasing  peak  power  pumping  density  for  all 
tliree  configurations.  Although  at  higher  pumping  densities  the  rate  of  increase  of  the  specific  output  energy  decreases.  At  a 
pressure  of  5  bar  the  saturation  intensity'  will  be  in  the  order  of  1  to  2  MW/cnr 

The  maximum  output  intensities  for  the  different  configurations  range  from  0.8  MW/  cm^  to  2  MW/cm^.  As  the  output 
intensities  are  in  the  same  range  as  the  saturation  intensity,  saturation  may  play  a  role  at  higher  pumping  densities. 


Electron  quenching  is  the  main  loss  channel  for  the  upper  laser  level  in  the  discharge  pumped  molecular  fluorine  laser^. 
With  increasing  peak  power  pumping  density  the  current  density  is  seen  to  increase.  So  also  the  electron  density  will 
increase  resulting  in  stronger  quenching  of  the  upper  laser  level  and  a  saturating  specific  output  energy. 


peak  power  pumping  density  [MW/cn?] 


Fig.  3a.  The  output  energy  of  the  molecular  fluorine  laser  as  a  function  of  the  charge  voltage  on  the  Marx  generator  for  the 
three  different  configurations  of  the  laser  head.  (0:  configuration  I,  +;  configuration  II,  □:  configuration  III) 

Fig.  3b.  The  specific  output  energy  as  a  fiinction  of  peak  power  pumping  density  for  the  three  different  configurations  of  the 
laser  head.  (0:  configuration  I,  +:  configuration  II,  □:  configuration  III) 

The  points  plotted  in  Fig.  3a  and  Fig.  3b  are  an  average  of  four  shots. 

Fig.  3b  shows  that  with  a  higher  laser  head  capacitance  (config.  II)  the  specific  output  energy  is  somewhat  higher.  With 
an  increased  electrode  spacing  the  specific  output  energ}'  is  somewhat  lower  (config.  III).  The  intrinsic  efficiency  defined  as 
the  output  energy  divided  by  the  input  energy  amounts  about  0.7%  for  configuration  I  and  II. 

For  configuration  III  the  intrinsic  efficiency  is  somewhat  lower  and  amounts  0.45%  for  the  same  range  of  peak  power 
pumping  density.  The  reason  for  this  is  not  yet  clear.  Visual  inspection  of  the  discharge  revealed  no  sign  of  streamers  or 
other  forms  of  instabilities  over  the  whole  range  of  experimental  conditions  reported  here.  As  the  discharge  always  looks 
homogeneous  we  expect  it  not  to  have  a  degrading  influence  on  the  specific  output. 

To  increase  the  energy  extracted  from  the  laser  system  the  length  of  the  pump  pulse  may  be  extended.  Preliminary  results 
with  a  pulse  forming  network  attached  to  the  laser  head  show  that  pump  and  laser  pulses  can  be  made  with  a  length  of  50 
ns. 
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ABSTRACT 

Efficient  VUV  excimer  lamps  with  two  types  of  discharge  configurations,  expanding  jet 
discharge  and  silent  discharge  (dielectric-barrier  discharge)  in  a  variety  of  rare  gases  and  their 
mixtures,  are  presented.  In  the  jet  discharges  VUV  output  power  was  9  mW  with  an  efficiency 
of  10  %  at  126  nm  for  argon  excimers.  Output  powers  of  other  excimers  were  300  mW  with 

1.0  %  efficiency  at  146  nm  for  krypton  excimers  and  500  mW  with  1.6  %  efficiency  at  176  nm 
for  xenon  excimers.  Simultaneous  emissions  from  hetero-nuclear  rare  gas  excimers  (ArKr*,  135 
nm)  as  well  as  homo-nuclear  rare  gas  excimers  (Ar2*  and  Kr2*)  were  observed  by  using  rare  gas 
mixtures  of  argon  and  krypton.  Output  powers  and  efficiencies  of  the  silent  discharge  excimer 
lamps  were  500  inW  and  1.6  %  for  argon,  5  W  and  13  %  for  krypton,  and  5  W  and  20  %  for 
xenon  excimers.  In  the  silent  discharge  extremely  broad  band  excimer  emissions  were  observed 
at  the  center  wavelengths  of  145  nm  for  an  argon/krypton  mixture  and  of  163  nm  for  a 
krypton/xenon  mixture.  A  PMMA  plate  was  photo-chemically  etched  at  the  rates  of  1-2 
nm/min  by  the  irradiation  of  the  172  nm  radiation  in  air  and  argon  gas  atmospheres. 

Keywords:  Rare  gas  excimer.  Jet  discharge,  Silent  discharge.  Rare  gas  cluster,  VUV  lamp. 
Photo  chemical  etching.  Photon  processing, 

1.  INTRODUCTION 

Rare  gas  excimers  have  been  known  to  be  one  of  the  most  efficient  VUV  light  sources. 
High  power  laser  operation  of  16  MW  has  been  reported  by  electron  beam  pumping  of 
pressurized  argon  of  40  atm.fl]  High  power  excimer  lasers  in  the  VUV  spectral  region  are 
suitable  for  many  applications  such  as  materials  processing  and  semiconductor  lithography.  [2] 
Such  lasers,  however,  require  a  large  electron  beam  machine,  which  gives  us  some  disadvantages 
for  applications.  In  some  applications  neither  monochromatic  nor  coherent  radiation  is 
required.  For  this  reason  incoherent  VUV  sources  may  become  an  interesting  alternative  to 
lasers,  especially  when  large  areas  have  to  be  irradiated.  When  rare  gas  excimer  emission  could 
be  obtained  by  discharge  excitation,  such  compact  light  sources  would  be  useful  for  industrial 
applications. 

In  this  paper  we  review  the  developments  of  rare  gas  excimer  light  sources  excited  by  an 
expanding  jet  discharge  and  a  silent  discharge  (dielectric-barrier  discharge),  and  show  a  potential 
application  of  rare  gas  excimer  lamps  to  photo-chemical  processing  of  organic  materials. 

Rare  gas  excimer  discharge  lamps  have  been  developed  in  quasi -cw  jet  discharges.  It 
was  experimentally  verified  that  rare  gas  excimers  were  directly  produced  from  relevant  rare  gas 
clusters  in  expanding  jet  discharges.  [3]  The  jet  discharge  rare  gas  excimer  lamps  are  ideally 
suited  for  semiconductors  processing,  because  their  emission  geometry  are  quasi-point  sources  of 
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VUV  radiation. 

It  has  been  reported  that  silent  discharges  were  suited  for  efficient  excitation  of 
high-intensity  VUV  radiation  from  rare  gas  exciniers.  [4]  Furthermore,  by  using  rare  gas 
mixtures  in  the  silent  discharges,  extremely  broad  band  excimer  emissions  were  observed  at  the 
center  wavelengths  of  145  nm  for  an  argon/krypton  mixture  and  of  163  nm  for  a  krypton/ xenon 
mixture.  [5]  In  an  appropriate  rare  gas  mixture,  certain  energy  transfer  processes  between  rare 
gases  were  possible,  resulting  in  the  simultaneous  multi-excimer  emissions  in  a  single  discharge 
tube.  In  the  case  of  a  krypton/xenon  mixture,  an  emission  spectrum  of  almost  flat-top  shape 
was  obtained  with  wavelengths  ranging  between  150  nm  and  175  nm. 

Photon  energies  of  rare  gas  excimer  emissions  were  9.8  eV  for  argon  excimers,  8.5  eV 
for  krypton  excimers  and  7.2  eV  for  xenon  exciniers.  These  high  energy  photons  may  dissociate 
most  of  the  chemical  bonds  both  in  organic  and  inorganic  materials.  A  PMMA  plate  was 
photo-chemically  etched  by  irradiation  of  the  172  nm  radiation  from  a  xenon  excimer  lamp  in  air 
and  argon  gas  with  a  pressure  between  0.01  mmHg  and  100  mmHg.  Etching  rates  of  PMMA 
under  a  constant  intensity  of  172  nm  emission  changed  from  0.5  nm/min  to  2.5  nm/min, 
depending  on  the  gas  pressure  and  the  gas  species.  It  was  experimentally  verified  that  those 
photo-chemical  reactions  (photon  processing)  had  a  great  potential  for  applications  to  an 
extremely  precise  machining  of  optical  elements  and/or  to  surface  cleaning  of  electronic  devices. 

2.  JET  DISCHARGE  EXCIMER  LAMPS 

Since  the  detail  of  the  experimental  setup  has  been  described  elsewhere[3],  only  brief 
description  is  presented  here.  A  Laval  mozzle  of  0.4  mm  throat  diameter  was  located  inside  a 
vacuum  chamber,  and  a  pair  of  iron  electrodes  were  placed  at  6  mm  below  the  nozzle  end  and  the 
distance  between  the  electrodes  was  5  mm.  The  electrodes  were  connected  to  a  0.53  mF 
capacitor,  which  was  charged  up  to  2  kV.  When  a  laboratory-grade  rare  gas  was  injected  from 
the  nozzle  for  5  ras  (FWHM),  the  discharge  was  initiated.  To  increase  the  excimer  emission 
power,  a  magnetic  field  strength  of  about  0.1  T  was  applied  parallel  to  the  discharge  current 
using  a  pair  of  solenoids. 

As  listed  in  Table  1,  several  excimer  emissions  were  obtained  by  changing  relevant  rare 
gases.  When  the  emission  geometry  was  approximated  as  a  point  source,  the  output  power  was 


Fig.  1  Emission  spectrum  of  argon/kryplon  mixture. 


Table  1  Output  characteristics  of 

Jet  discharge  excimer  lamps. 


X(nm) 

AX(nm)  P  (mW) 

Tl  (%) 

kr2 

126 

8  9.1 

8.6x10-3 

Krg* 

147 

8  300 

0.89 

Xe2* 

172 

8  500 

1.6 

ArKr* 

134 

8  6.1 

5.7x1 0'3 

(130-130  nm) 
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estimated  to  be  9  mW  with  an  efficiency  of  10  ^  %  at  126  nin  for  argon  excimers.  Outputs  of 
other  excimers  were  300  mW  with  1.0  %  efficiency  at  146  nm  for  krypton  excimers  and  500 
mW  with  1.6  %  efficiency  at  176  nm  for  xenon  excimers. 

Simultaneous  emissions  from  hetero-nuclear  rare  gas  excimers  (AiKr*  at  135  nm)  and 
homo-nuclear  rare  gas  excimers  (Ar2*  and  Kr2*)  were  observed  by  using  rare  gas  mixtures  of 
argon  and  krypton.  Fig.  1  shows  a  clear  ArKr*  exciiner  emission  centered  at  135  nm  as  well  as 
Arj*  at  126  nm  and  Kr2*  at  146  nm,  when  0.07  %  of  krypton  gas  is  mixed  with  21  atm  of  argon 
gas  in  stagnation  pressure.  By  further  increase  of  krypton  contents  up  to  35  niiiiMg  (0.22%),  the 
spectra  of  Ar2*  excimer  and  ArKr*  excimer  almost  disappear  and  the  only  Krj*  exciiner 
spectrum  remains. 

7'he  jet  discharge  rare  gas  excimer  lamps  are  ideally  suited  for  semiconductors 
processing,  because  their  geometry  are  quasi-point  sources  of  VUV  radiation. 

3.  SILENT  DISCHARGE  EXCIMER  LAMPS 

It  has  been  reported  that  silent  discharges  (dielectric-barrier -discharges)  were  suited  for 
efficient  excitation  of  high-intensity  VUV  radiation  from  rare  gas  excimers.  [4]  We  also 
obtained  rare  gas  excimer  emissions  by  silent  discharges  in  argon,  krypton  and  xenon. 

A  discharge  tube  made  of  quartz  with  an  inner  diameter  of  1.5  cm  was  sandwiched  by  a 
pair  of  aluminum  electrodes  with  a  length  of  50  cm.  A  high  freqency  (20  kHz)  voltjige  power 
supply  provided  voltages  onto  the  aluminum  electrodes  with  a  peak  voltage  of  8  kV.  In  this 
case,  output  powers  and  efficiencies  were  500  mW  and  1.6  %  for  argon,  3.5  W  and  13  %  for 
krypton,  and  5  W  and  20  %  for  xenon  excimers. 

When  rare  gas  mixtures  such  as  argon/krypton  or  krypton/xenon  were  used  in  the 
discharge  tube,  extremely  broadband  emissions,  which  had  emission  bandwidths  of  about  30  nm 
with  flat  top  spectral  shapes,  were  obtained  as  shown  in  Fig.  2.  Such  broad  band  emissions 
consisted  of  hetero-nuclear  excimers  (ArKr*  for  argon/krypton  and  KrXe*  for  krypton/xenon 
mixtures)  emissions  as  well  as  two  homo-nuclear  excimers  from  constituent  rare  gases.  It  was 
confirmed  in  a  pulsed  silent  discharge  that  these  broadband  emissions  were  originated  from 
hetero-nuclear  rare  gas  excimers  as  well  as  homo-nuclear  rare  gas  excimers. 

The  output  powers  and  efficiencies  of  rare  gas  excimer  lamps  and  mixed  rare  gas  excimer 
lamps  are  listed  in  Table  2. 


Fig.  2  Emission  spectra  of  argon/krypton 
and  krypton/xenon  mixtures. 


Table  2  Output  characteristics  of 

silent  discharge  excimer  lamps. 


X  (nm) 

AX,(nm) 

P(W) 

n  (%) 

Arg* 

126 

9 

0.9 

3.4 

Kr2* 

147 

12 

3.4 

13.1 

Xeg* 

172 

13 

5.3 

20.4 

Ar2VKr2* 

145 

30 

0.54 

2.2 

Kr2VXe2* 

162 

30 

3.4 

13.6 
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4.  PHOTON  PROCESSINGS 

A  PMMA  plate  was  photo-chemically  etched  by  irradiation  of  the  172  nm  radiation 
from  a  xenon  excimer  lamp  in  air  and  argon  gas  with  a  pressure  between  0.01  mmHg  and  100 
mmlig.  As  shown  in  Fig.  3  etching  rates  of  PMMA  under  a  constant  intensity  of  172  nm 


emission  changed  from  0.5  nm/min  to  2.5 
nm/min  by  changing  the  pressure  of  air.  The 
etch  rates  were  measured  with  a  Mach-Zender 
interferometer.  Although  mechanisms  of  such 
photo-chemical  etching  (photon  processing)  is 
not  clearly  understood,  we  consider  that  C-H 
chemical  bonds  were  broken  by  the  high 
energy  photons  (7.2  eV  corresponding  to  172 
nni  wavelength),  together  with  by  chemical 
reactions  with  some  radicals  such  as  N* 
and/or  O*,  which  were  generated  by 
photo-dissociation  of  N2  and  O2. 


Pressure  (Torr) 


Fig.  3  Etch  rates  of  PMMA  as  a  function  of  air  pressure. 


5.  CONCLUSIONS 

We  have  developed  efficient  rare  gas  excimer  lamps  with  a  quasi-cw  jet  discharge  and  a 
silent  discharge.  When  mixtures  of  rare  gases  were  used,  hetero-nuclear  rare  gas  excimer 
emissions  were  obtained,  together  with  homo-nuclear  excimer  emissions,  which  led  to  the 
spectra  extension.  From  the  practical  view  point  of  excimer  lamps,  the  rare  gas  mixtures  w'ould 
have  a  great  advantage,  because  the  only  small  amount  of  expensive  rare  gases  is  needed  when 
relevant  excimer  emissions  are  required.  A  PMMA  plate  was  photo-chemically  etched  by  the 
irradiation  of  the  172  nm  radiation  in  air  and  argon  gas  atmosphere. 
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ABSTRACT 

The  uniformity  and  stability  of  discharge  process  in  a  high  Pulse  Repetition  Frequency  (PRF)  long  pulse  XeCl  laser 
are  investigated  for  three  different  copper  electrode  roughnesses  versus  PRF  (f  <  500  Hz;  10  shots).  The  discharge  quality 
evolution  is  experimentaly  analyzed  from  discharge  photographs  obtained  with  a  CCD  video  camera  and  pressure 
perturbation  measurements  achieved  with  a  piezoelectric  pressure  probe  placed  very  close  to  the  discharge  volume. 

Keywords:  excimer  laser,  high  repetition  frequency,  discharge  quality,  electrode  roughness. 


1.  INTRODUCTION 

For  many  industrial  applications,  the  achievement  of  reliable  high  Pulse  Repetition  frequency  (PRF)  and  high 
average  power  excimer  lasers  is  suitable.  But  the  increase  of  the  excimer  laser  average  power  through  PRF  increase  is  often 
limited  by  the  development  of  strong  non-uniform  energy  deposition  processes  which  have  deleterious  effects  on  the  laser 
output  energy  and  laser  beam  quality.  The  discharge  stability  degradation  origin,  especially  at  high  PRF  and  for  long  time 
laser  operation,  can  result  from  aerothermodynamic  phenomena^  electrode  characteristics  (material,  roughness), 
composition  modification  of  the  gas  mixture,  flow  characteristics,  dust  contamination  level,  preionisation  level,  etc... 

After  a  brief  description  of  the  main  characteristics  of  the  experimental  setup,  the  uniformity  and  stability  of  the 
discharge  process  in  a  high  PRF  long  pulse  XeCl  laser  is  investigated  for  three  different  copper  electrode  roughnesses  versus 
PRF  (PRF  <  500  Hz).  The  other  main  experimental  conditions  are  10  shot  bursts  and  a  ~  20  J/l.bar  energy  deposition. 


2.  DESCRIPTION  OF  THE  LASER  SYSTEM  AND  EXPERIMENTAL  CONDITIONS 

All  the  experiments  have  been  performed  on  a  UV  preionized  spiker-sustainer  long  pulse  (~  150  ns)  XeCl  laser 
which  is  shown  in  Fig.l .  The  laser  system  is  composed  of  a  fast  flow  subsonic  closed  cycle  wind  tunnel,  a  laser  chamber  and 
a  high  average  power  electrical  system.  The  subsonic  loop  removes  the  gas  between  two  successive  shots  and  the  flow  speed 
(40  m.s'*)  is  sufficient  to  ensure  a  clearing  ratio  of  3  at  1000  Hz.  The  electrical  discharge  circuit  consists  of  a  corona  type 
UV  preionizer  system  and  a  magnetic-spiker  sustainer  circuit  using  the  overshoot  mode^.  The  sustainer  capacitors  (Cs  =  100 
nf)  are  pulsed  charged  to  1 1  kV  in  ~  l.l  ps  from  a  200  nf  capacitor  using  a  CX  1725  thyratron  switch.  The  peaking 
capacitor  bank  is  made  up  of  ten  100  pf  lumped  capacitors  (Cp^  =  1  nf).  Finally  the  spiker  driver  capacitor  (Csp  =  1.7  nf)  is 
continuously  charged  at  20  kV.  The  electrodes  consist  of  a  Ernst  profile^  electrode  and  a  perforated  plate  electrode.  Both  are 
32  cm  long  with  a  gap  of  3  cm  and  the  discharge  is  --  1 .5  cm  wide  and  ~  25  cm  long.  The  mixture  is  made  up  of  99.44  %  Ne, 
0.47  %  Xe,  0.092  %  HCl  at  a  total  pressure  of  3  bars.  The  laser  resonator  is  equipped  with  plane-plane  optics  separated  of 
50  cm  and  composed  of  a  high  reflectivity  rear  reflector  and  a  40  %  reflecting  output  coupler.  The  laser  could  be  operated  at 
PRF  as  high  as  700  Hz  in  a  burst  mode  (10  shots)  with  a  laser  output  energy  of  -  200  mJ,  a  FWHM  pulse  duration  of-  145 
ns,  a  spot  size  of  -  1.3  x  2.8  cm^  and  for  an  energy  deposition  of  -  20  J/l.bar.  For  these  laser  working  conditions,  the  laser 
efficiency  is  about  3.5  %. 

An  observation  window  set  in  one  of  the  elbows  of  the  subsonic  flow  loop  allows  the  transverse  visualisation  of  the 
visible  light  emitted  by  the  discharge  plasma  (see  Fig.l).  The  fast  digitally  controlled  CCD  video  camera  (PCO  model 
Dicam  2)  used  in  these  experiments  provides  discharge  photographs  which  exposure  time  was  set  to  400  ns  in  order  to 
integrate  the  main  part  of  the  discharge  process.  The  temporal  evolution  of  the  pressure  perturbation  amplitude  is  measured 
by  a  fast  piezoelectric  transducer  (PCB  122A22)  having  the  following  characteristics:  a  10'^  -  lO*"^  psi  dynamic  range,  a  2  ps 
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signal  risetime  and  a  resonance  self  frequency  of  250  kHz.  The  pressure  probe  is  inserted  downstream  the  discharge  volume 
in  the  R^xt  iimerwall  at  6.5  cm  of  the  centre  of  the  optic  (see  Fig.  1). 
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Aerodynamic 
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turbomolecular 
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Figure  1 :  LUX  test-bed  scheme  and  main  diagnostics. 


3.  INFLUENCE  OF  THE  ELECTRODE  ROUGHNESS  ON  THE  DISCHARGE  QUALITY 

IN  SINGLE  SHOT  REGIME 

To  understand  the  electrode  roughness  influence  on  the  discharge  stability  and  uniformity,  the  same  copper 
electrode  (CuAl  Electrolitic  :  Cu  99%,  Ag  1%)  has  been  prepared  with  three  different  roughnesses  in  accordance  with  the 
following  process.  Before  each  experiment,  the  copper  electrode  has  been  pounced  with  different  sandpapers  (3M  inc. 
paper)  providing  to  the  electrode  the  following  roughness  characteristics:  grits  «  80  »  (high  roughness),  grits  «  320  » 
(medium  roughness)  and  grits  «  600  »  (low  roughness). 

Previous  studies'*  have  shown  that  the  pressure  perturbation  signatures  achieved  with  a  pressure  probe  is  a  powerful 
means  to  evaluate  the  uniformity  and  stability  of  a  discharge  process.  Fig.2  presents  then  the  time  evolution  of  pressure 
perturbations  recorded  in  single  shot  mode  operation  (without  flow)  with  the  pressure  probe  for  the  three  different  copper 
electrode  roughnesses.  The  discharge  process  is  considered  to  be  instantaneous  and  therefore  determines  the  time  origin  (t  = 
0  ms)  materialized  in  fig.2  by  an  artefact.  This  assumption  is  reasonable  according  to  both  pressure  probe  risetime  and 
pressure  signal  dynamics,  the  sound  speed  in  the  active  medium  being  approximated  by  the  sound  speed  in  pure  neon  (Vgound 
«  460  m.s'*). 

The  comparison  of  the  three  graphs  shows  that  the  medium  roughness  electrode  develops  a  higher  number  of 
significant  overpressures  than  both  low  and  high  roughness  electrodes.  The  electrode  of  medium  roughness  presents  surface 
non-uniformities  whose  dimensions  promote  the  development  of  strong  electric  arcs  probably  appearing  early  during  the 
discharge  process  and  therefore  inducing  a  lower  discharge  quality  and  a  premature  termination  of  the  laser  pulse  . 

The  main  results  obtained  with  the  three  different  electrode  roughnesses  are  summarized  in  table  1 .  They  confirm 
that  the  medium  roughness  electrode  does  not  allow  an  efficient  extraction  of  the  laser  energy  from  the  active  volume. 


Electrode  roughness 

high  (grits  80) 

medium  (grits  320) 

low  (grits  600) 

Output  energy  (mJ) 

190 

175 

210 

FWHM  pulse  duration  (ns) 

140 

127 

136 

Efficiency  (%) 

3 

2.7 

3.5 

Table  1 :  Main  laser  output  characteristics  obtained  with  the  three  electrode  roughnesses. 
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Figure  2:  time  evolution  of  pressure  perturbations  for  the  three  copper  electrode  roughnesses  (X:  0.1  ms/div;  .Y;  1  psi/div). 
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4.  INFLUENCE  OF  THE  ELECTRODE  ROUGHNESS  ON  THE  DISCHARGE  QUALITY 

IN  HIGH  PRF  MODE  OPERATION 


Fig.3,4  respectively  present  the  10*^  shot  output  energy  and  FWHM  pulse  duration  evolutions  versus  PRF  for  the 
three  different  electrode  roughnesses. 
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Pulse  Repetition  Frequency  (Hz) 

Figure  3:  Output  laser  energy  versus  PRF 
for  the  three  electrode  roughnesses. 


Pulse  Repetition  Frequency  (Hz) 

Figure  4:  FWHM  pulse  duration  versus  PRF 
for  the  three  electrode  roughnesses. 


The  electrodes  of  high  and  low  roughness  allow  to  extract  roughly  the  same  laser  energy  versus  PRF  whereas  the 
electrode  of  intermediate  surface  state  (medium  roughness )  does  not  permit  to  maintain  a  ~  constant  output  energy  for  PRF 
>  300  Hz.  It  can  also  be  mentionned  that  the  reduction  of  the  FWHM  pulse  duration  even  occur  at  relatively  low  PRF  (f  = 
300  Hz)  for  the  medium  roughness  electrode.  The  bad  laser  performances  obtained  with  this  electrode  can  be  re’  i  to  the 
stronger  spatial  and  temporal  instability  of  the  discharge  process  previously  taken  in  evidence  by  the  pres:  probe 

measurements  in  the  single  shot  regime  and  obviously  amplified  in  the  high  PRF  mode  operation. 

Better  results  have  been  obtained  with  the  low  and  high  roughness  electrodes  confirming  the  previous  ones 
observed  in  the  single  shot  regime.  A  possible  explanation  could  be  the  following:  the  low  roughness  electrode  contains 
surface  non-uniformities  presumably  promoting  the  development  of  few  electric  arcs  which  induce  a  premature  termination 
of  the  laser  pulse  (see  fig.4)  but  delayed  with  respect  to  the  one  occuring  in  the  case  of  the  medium  roughness  electrode.  On 
the  other  hand  the  high  roughness  electrode  probably  produces  a  lot  of  streamers  ^  homogeneously  distributed  which  do  not 
affect  the  FWHM  pulse  duration  as  it  can  be  seen  on  fig.4.  As  a  result,  a  better  control  of  the  spatial  and  temporal 


homogeneity  of  the  current  during  the  dtscharge  process  is  achieved  with  both  electrodes  having  a  low  and  high  roughness  as 
shown  by  the  following  time-integrated  discharge  photographs  taken  at  500  Hz  (see  Figure  5). 


High  roughness 


Figure  5:  Time-integrated  (exposure  time  =  400  ns)  discharge  photographs  obtained  at  500  Hz 

for  the  three  electrode  roughnesses. 


5.  CONCLUSIONS 

The  electrode  roughness  plays  a  leading  role  for  the  achievement  of  stable  discharge  processes.  From  our  results, 
low  and  high  electrode  roughnesses  seem  suitable  to  high  PRF  mode  operation  because  they  promote  more  homogeneous 
and  stable  spatial  distributions  of  the  discharge  current.  However,  further  experiments  have  to  be  carried  out  to  study 
precisely  the  occurrence  time  of  the  discharge  quality  degradation  according  to  the  different  roughnesses.  The  behaviour  of 
the  different  electrodes  on  longer  bursts  (a  few  hundreds  and  thousands  of  shots)  has  also  to  be  studied  to  better  determine 
the  best  electrode  roughness  for  high  PRF  permanent  mode  operation. 
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AB5  RACT 

Alkali  rare  gas  triatomic  ionic  excimers  have  been  observed  for  the  first  time.  These  molecules  have  been  produced 
by  electron  beam  excitation  of  rare  gas  alkali  mixtures  at  high  pressure  and  high  temperature.  Emission  spectra  centred  at 
-'159nm  have  been  observed  and  attributed  to  Kr2^Cs  ions.  Lifetimes  and  binding  energies  of  the  lowest  excited  states  have 
been  estimated.  Simple  kinetic  considerations  allowed  us  to  propose  two  formation  processes  of  these  ions  and  to  estimate 
their  rate  constant. 

Keywords:  ionic  excimer,  triatomic,  kinetic,  spectroscopy,  alkali,  rare  gas 

1.  INTRODUCTION 

There  is  only  few  possibilities  to  receive  intense  emission  spectra  in  Vacuum  Ultraviolet  (VUV)  region  from 
molecules.  Rare  gas  excimers,  molecular  fluorine  and  diatomic  ionic  excimers  are  such  sources.  Particularly,  diatomic  rare 
gas  (Rg)  alkali  (A)  ionic  excimers  were  theoretically  proposed’  and  then  intensively  investigated^'^  to  extend  the  gas  laser 
performances  towards  the  shorter  wavelengths.  These  Rg'^A  molecules  are  efficient  VUV  sources  and  emission  spectra  have 
been  observed  from  66.5nm  for  He^Li  to  189.9m  for  Xe^Li. 

In  this  paper,  we  present  the  first  observation  of  triatomic  ionic  excimer  such  as  Rg2^A  strongly  emitting  in  the  VUV 
spectral  range.  These  molecules  are  of  fundamental  interest  as  a  new  short  wavelength  source,  and  as  a  new  kind  of  excimer, 
giving  informations  on  the  binding  energies  of  ligands  to  metal  ions. 

We  investigated  more  precisely  the  Kr2^Cs  molecule.  This  ion  was  produced  by  electron  beam  excitation  of 
argon/krypton/cesium  mixtures  at  high  pressure  (>100mbar)  and  high  temperature  (>300°C).  Observation  of  the  VUV 
emission  spectra  of  these  ionic  molecules  allowed  us  to  give  some  conclusions  about  the  electronic  structure  and  the  formation 
kinetic  processes  of  these  excimers. 


2.  EXPERIMENTAL  SETUP 

The  experimental  setup  used  to  investigate  the  triatomic  ionic  excimers  was  described  in  detail  elsewhere^.  So,  only  a 
brief  description  of  the  main  features  necessary  for  the  understanding  of  the  experimental  results  is  given. 

A  cold  cathode  electron  gun  was  used  to  excite  transversally  the  gas  mixtures.  This  electron  gun,  energized  by  a  300 
kV-  1500  J  Marx  generator  (MX  31  from  Physics  International  Company),  is  separated  from  cell,  with  an  active  volume  of 
1.7  X  1.7  X  15  cm^  by  a  25  pm  thick  titanium  foil.  For  the  experiments  presented  in  this  paper  we  worked  with  a  current 
density  of  about  1  A/cm^  during  800  ns,  corresponding  to  a  voltage  of  210  kV  applied  to  the  diode.  In  these  conditions,  a 
typical  energy  deposition  of  a  few  hundred  pj/cm^  has  been  achieved  in  one  bar  of  argon.  The  reproducibility  of  the  signals 
from  the  electron  gun  was  within  15%.  In  order  to  obtain  a  sufficient  alkali  vapor  density  inside  the  cell  it  is  necessary  to  heat 
the  gas  up  to  400°C.  The  measured  temperature  profile  along  the  optical  axis  has  a  flat  temperature  distribution  inside  the 
active  volume. 

The  gas  inside  the  cell  was  separated  from  the  detection  apparatus  by  a  magnesium-fluoride  window.  The  spectra 
emitted  from  the  excited  zone  are  observed  with  a  0.2  m  Seya-Namioka  vacuum  ultraviolet  monochromator  (VM  502  Acton 
Research  Corporation)  with  a  1200  lines/mm  grating.  The  fluorescence  emissions  are  registered  either  time  integrated  by  an 
optical  multichannel  analyser  (IVUV  700  Princeton  Instruments)  with  a  spectral  resolution  of  0.4  nm  or  time  dependent  by  a 
fast  solar-blind  photomultiplier  photomultiplier  (Thom  Emi  VUV  C640). 
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3.  EXPERIMENTAL  RESULTS 

Experiments  were  performed  by  electron-beam  excitation  of  krypton  -  cesium  gas  mixtures  with  and  without  argon  as 
buffer  gas.  figure  1  presents  some  spectra  observed  for  different  conditions  of  gas  mixtures.  Before  the  introduction  of 
cesium,  the  spectra  observed  in  the  120nm  -  180nm  region  after  the  excitation  of  pure  krypton  or  argon-krypton  mixture  are 
only  due  to  the  broad  second  continuum  of  krypton  (Kr2 )  centred  around  144nm  (at 350°C).  In  presence  of  alkali  vapor, 
the  Kr2*  signal  is  strongly  reduced  and  two  other  emission  bands  appear.  As  it  is  shown  in  figure  1,  the  sprectra  exhibit  a 
narrow  band  (FWHM  «  1.5nm)  at  132nm,  the  Kr2*  emission  and  a  new  broad  continuum  centred  around  159nm.  The  132nm 
emission  has  been  extensively  studied^  and  is  clearly  attribued  to  the  ionic  excimer  Kr^Cs.  The  other  emission  which  appears 
only  in  presence  of  cesium,  and  for  krypton  pressure  higher  than  SOmbar,  is  attributed  by  us  to  the  triatomic  ionic  excimer 
Kr2^Cs. 


wavelength  (nm) 

Fig.  1 .  Fluorescence  emission  spectra  beetwen  1 20nm  and  1 80nm  obtained  by  e-beam  excitation  of  alkali  rare  gas  mixtures 

As  it  is  shown  by  the  figure  1,  the  intensities  of  the  three  emission  bands  have  a  strong  dependence  of  cesium, 
krypton  and  argon  pressures.  To  have  a  better  understanding  of  the  relative  efficiency  of  the  formation  and  competition 
processes  involved  in  the  kinetic,  we  studied  the  intensities  of  10*2*,  Kt'^Cs  and  Kr2‘'Cs  for  a  wide  range  of  pressure  of  the  three 
components.  Figure  2  presents  the  most  significant  results  of  this  study  which  allowed  us  to  propose  a  simple  kinetic  scheme 
presented  in  §  4.2  and  to  evaluate  some  kinetic  rate  coefficients. 


[Kr]  cm'®  [Cs]  cm"® 


Fig.  2.  Relative  intensities  of  Kr2*,  Kr^Cs,  Kr2^Cs  as  a  function  of  gas  pressures,  (a)  I(Kr2'^Cs/Kr^Cs)  as  a  function  of  Kr 
density,  (b)  I(Kr2^Cs/Kr2*)  as  a  function  of  Cs  density. 
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4.  DISCUSSION 


4.1  Spectroscopy 

The  central  wavelengths  of  the  two  broad  continua  of  Kr2*  and  Kr2^Cs  excimers  are  very  close  and  it  is  impossible  to 
precisely  determine  the  center  of  the  Kr2^Cs  band  from  the  spectra  like  those  presented  in  figure  1 .  However,  the  addition  of 
hydrogen  to  our  mixture  induced  a  complete  quenching  of  Kr^'Cs  and  10*2*  emissions  due  to  the  very  fast  charge  exchange 
process 

Kr"^  +  H2 KrH"  +  H  (1) 

with  a  rate  coefficient^  of  2. 1 0'^^.  And  we  suggest  near  the  same  coefficient  value  for  the  process 

Kr’^Cs  +  H2  ^  KrH  +  Cs  +  H  (or  CsH)  (2) 

The  Kr2^Cs  emission  was  also  strongly  quenched,  because  of  the  quenching  of  its  precursors,  but  not  completly  because  the 
Kr2^Cs  molecule  has  not  enough  energy  to  produce  an  efficient  charge  exchange  process  like  (2),  and  it  is  still  possible  to 
observe  this  emission.  The  spectrum  of  figure  3  which  has  been  recorded  under  these  experimental  conditions  clearly  shows 
that  the  Kr2^Cs  emission  band  is  centered  at  159nm. 


Fig.  3.  VUV  fluorescence  emission  spectrum  obtained  by  e-beam  excitation  of  alkali  rare  gas  hydrogen  mixture. 

From  simple  energetic  estimations  taking  into  account  the  binding  energy  of  1.15  eV  of  a  Kr2^  molecule  and  0.89  eV 
of  a  Kr^'Cs  one,  it  is  clear  that  the  binding  energy  for  Kr2''Cs  is  about  of  -0.9  eV,  near  the  same  as  for  a  Kr^'Cs  molecule.  From 
the  very  broad,  structureless,  typically  excimer  character  of  the  emission  spectra,  a  repulsive  behaviour  of  the  ground  state  of 
Kr2^Cs,  in  difference  for  Kr^Cs,  is  obvious.  This  experimental  result  is  in  a  contradiction  with  calculations^®.  In  this  paper,  the 
authors  predict  by  ab  initio  calculations  near  the  same  binding  energy  for  Rg2M^  (the  Rg  -  RgM"^  bond)  as  for  RgM^ 
molecules,  where  is  a  metal  ion,  in  particular,  an  alkali  one.  But  the  essentially  repulsive  character  of  a  ground  state  is  a 
plain  fact  for  Kr2^Cs  and  for  other  triatomic  rare  gas  -  alkali  molecules. 

4,2  Kinetics 

When  an  electron  beam  is  used  to  excite  an  alkali  rare  gas  mixture,  the  main  formation  process  for  diatomic  ionic 
excimer  Rg^A  is  the  three  body  reaction'^ 

Rg  +  A  +  Rg  — >  Rg  A  +  Rg  (3) 

The  rare  gas  ions  are  directly  produce  by  collisions  with  the  electrons  of  the  beam  or  by  charge  transfert  reactions  beetwen  the 
buffer  gas  ions  (typically  Ar'')  and  the  rare  gas  atoms. 

Because  of  the  very  similar  electronic  structure  of  the  rare  gas  ion  Rg^  and  the  molecular  ion  Rg2^,  we  suggested  to 
create  the  triatomic  ionic  excimer  Rg2^A  by  electron  beam  excitation  of  alkali  rare  gas  mixture.  The  first  formation  process 
proposed  for  these  molecules  is  similar  to  reaction  (3) 

Rg2"  +  A  +  Rg  Rg2^A  +  Rg  (4) 

An  other  process  has  been  also  proposed  for  the  formation  of  Rg2''A,  by  recombination  of  the  diatomic  ionic  excimer 

Rg'^A  +  2Rg  ->  Rg2"^A  +  Rg  (5) 

The  efficiency  of  this  last  formation  process  is  clearly  improved  by  a  high  pressure  of  rare  gas.  Also,  the  two  following 
reactions  are  more  efficient  at  high  rare  gas  pressures: 

Rg'*^  +  2Rg->Rg2^  +  Rg  (6) 

and  Rg-'A  +  Rg  Rg2^  +  A  (7) 

The  fisrt  one  is  the  competition  process  for  the  formation  of  Rg'^A  (3)  and  induce  an  increase  of  the  Rg2''  density,  and  the 
second  one  is  a  quenching  process  for  Rg"^A  emission  and  contribute  also  to  the  Rg2^  population.  In  both  case,  the  higher  Rg2'^ 
density  leads  to  a  more  efficient  formation  of  Rg2''A  through  the  reaction  (4).  These  considerations  allow  to  explain  that  for 
high  rare  gas  pressures  the  relative  intensity  Rg2''A/Rg''A  increase,  as  it  is  shown  on  figure  2.a. 


Rg2'"  molecule  is  also  the  precursor  of  the  second  continuum  of  rare  gas  Rg2*.  So,  to  improve  the  production  of  the 
triatomic  ionic  excimer  Rg2''A  relatively  to  the  Rg2'  molecule,  at  high  rare  gas  pressure,  it  is  necessary  to  increase  the  alkali 
pressure  by  working  at  higher  gas  temperature.  The  reaction  (5)  becomes  efficient  and,  as  we  can  see  on  figure  2.b,  the 
relative  intensity  Rg2'^A/Rg2*  increase  with  alkali  pressure. 

By  consideration  of  a  simple  kinetic  model  including  the  formation  and  the  main  quenching  processes  of  Kr2’,  Kr'"Cs 
and  Kjz^Cs  emissions,  we  estimated  a  value  of  the  spontaneous  lifetime  of  the  Kra'^Cs  excimers  at.  1^2  ~  5  ns,  near  the  same  as 
for  Kr^Cs.  Previously,  we  determined  the  rate  coefficient  of  the  main  reactions  involved  in  the  Kt'^Cs  kinetic  when 
argon/krypton/cesium  mixture  are  excited  by  an  electron  beam’.  With  these  values  and  the  evolution  of  the  relative  intensity 
Rgj'^A/Rg^'A  as  a  function  of  alkali  and  rare  gas  pressures,  we  estimated  the  rate  coefficients  for  Kr2^Cs  formation  to  kj  « 
5x10'’®  cm^/s  for  the  reaction  (5)  and  Ict »  10'^°  cm^/s  for  the  process  (4). 

5.  CONCLUSION 

Inspite  of  the  high  Kr2"^Cs  emission  intensity,  it  is  impossible  to  consider  this  triatomic  rare  gas  -  alkali  ionic  excimers 
as  a  suitable  candidates  for  a  lasing.  The  reasons  are  the  same  than  for  Kr'^Cs’,  and  this  is  due  to  strong  competition  processes 
and  a  high  photoionization  of  alkali  in  a  VUV  region. 

By  electron  beam  excitation  of  other  alkali  rare  gas  mixtures,  we  observed  also  the  emission  spectra  of  Xe2’^Cs 
(190nm),  Kr2*Rb  (160nm)  and  Ar2*Cs  (135nm). 
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ABSTRACT 

Experimental  and  theoretical  results  are  presented  of  a  XcF(C-A)  blue  green  laser  driven  by  5kJ  energy.  The  laser  was 
pump^  by  a  ferrite  induced  discharge  of  90  cm  long.  An  output  energy  of  0.22J  has  been  obtained  with  a  plane  -  parallel 
resonator.  A  code  to  simulate  the  laser  has  been  developed.  Numerical  results  for  a  wide  range  of  conditions  are  compared 
with  experiments  performed  by  us  and  other  authors.  It  is  found  that  the  intracavity  refractive  losses  limit  the  laser 
operation  for  XeF2  pressures  above  3  Torr.  The  laser  output  depends  strongly  on  the  discharge-cavity  length  ratio.  Possible 
ways  to  increase  the  laser  power  and  efficiency  are  discussed. 


Keywords:  XeF  laser,  C-A  transition,  optically  pumped,  surface  discharge,  ferrite 


1.  INTRODUCTION 

The  first  XeF(C-A)  optically  piunped  laser  at  480nm  was  demonstrated  in  1978  using  the  e-beam  fluorescence  of  Xe*2  at 
172  nm  to  photodissociate  XeF2  [1].  Later  [2,3,4]  this  laser  was  pumped  by  an  open  surface  discharge  allowing  a  pulse 
repetitive  operating  mode.  Energies  up  to  1 17  J  were  obtained  with  an  efficiency  of  about  1.310'^.  In  this  paper  we  consider 
two  experimental  situations  using  an  open  surface  discharge  both  experimentally  and  theoretically  [5]. 


2.  THE  PUMPING  SOURCE 


Experiments  show  that  a  bleaching  wave  proceeds  from  the  discharge  surface  as  an  almost  perfect  hollow  semi-cylinder 
[4].  It  means  that  the  pumping  discharge  is  not  optically  thick  and  cannot  be  considered  as  a  black  body  radiator.  Actually, 
if  we  assume  the  black  body  radiator,  the  speed  of  the  bleaching  wave  in  the  direction  normal  to  the  surface  has  to  be  two 
times  greater  than  that  in  the  tangential  direction.  So,  it  will  not  be  the  perfect  semi-cylinder  in  the  cross  section  of  the 
wave,  as  assumed  in  [6].  The  speed  of  the  bleaching  wave  expansion  is  much  higher  than  that  of  the  discharge.  For  typical 
experimental  conditions  it  equals  to  about  10  km/s  compared  to  the  discharge  speed  of  about  I  km/s  [2-4,7].  Thus,  it  is 
possible  to  consider  the  pumping  discharge  as  an  infinitely  thin  linear  light  source.  This  source  is  characterised  by  the 
number  of  photons  emitted  to  the  unit  body  angle  and  unit  spectral  region  for  the  unit  time  interval  from  the  unit  length  - 
W(t)  (phot/sec  cm-sternm).  In  this  case,  the  equation  of  the  XeF2  photodissociation  has  the  form: 

dN  2N  f  f  a{X)  f  ] 

—  =  J  de  ]^dAfV(t,X,0)(T(X)exp-\-^l^  (1) 


We  have  determined  the  intensity  of  the  pumping  pulse,  W(t),  assumed  to  be  constant  over  the  XeF2  absorption  band,  by 
measuring  the  radius,  R(t),  and  the  speed,  dR/dt  of  the  bleaching  wave  [5]: 


i-t 

dRlR^^o)  , 

=  ^ - (a  ) 

dt  kTTAX  ' 


\-2k 

k 


(2) 


with  a  and  k  fitted  to  the  experimental  data.  When  k=0.5,  (2)  gives  the  relation  similar  to  that  obtained  analytically  in  [7] 
assuming  a  stationary  profile  of  the  bleaching  wave: 


W(t)  = 


ntiX  dt 


No 


(3) 


3.  ELEMENTARY  PROCESSES  IN  THE  XEF(C-A)  LASER 

Principal  reactions  and  rate  constants  that  are  of  importance  in  the  kinetics  of  the  XeF(C-A)  optically  pumped  laser  were 
taken  from  [6],  Only  a  few  modifications  were  made: 

(1)  One  absorption  band  of  XeF2  centred  at  158  nm  was  taken  into  account  because  the  absorption  of  photons  in  the  band 
at  230  nm  doesn't  result  in  the  formation  of  XeF(B,C,D)  excited  states. 
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(II)  It  was  shown  in  [6]  that  the  heating  of  the  working  mixture  during  photodissocitation  of  XeFj  doesn't  exceed  ~I00K,  so 
all  temperature  dependent  constants  were  taken  at  room  temperature. 

(III)  Quenching  of  XeF(B,C)  by  binary  collisions  with  Ar  and  Nj  was  included  in  the  kinetic  model. 


4.  DYNAMICS  OF  THE  LASER  FLUX 


The  build-up  time  of  the  optical  flux  of  our  laser  can  be  estimated  using  the  relation  [9]: 


(4) 


where  T  -  build-up  time;  G  -  amplification  of  the  spontaneous  emission  up  to  the  lasing  level,  L,  and  Lc  are  the  lengths  of 
the  active  medium  and  the  cavity  respectively.  It  was  shown  in  [9]  that  G  *  18  ±  1  for  the  lasers  in  the  visible  spectral 
region  with  Lc  -  0.5-2m.  The  gain  for  C-A  transition  typically  achieved  in  experiments  is  low  (-0.3%  cm  ')  since  the  cross 
section  for  stimulated  emission  is  low  (~10  '’cm^)  and  the  linewidth  is  large  -70  run  [2].  Substituting  g  =  3-10'^cm  '.  G  =  18 
and  Lc/L.  =  2  into  (4),  one  obtains  T  =  0.4ns.  Hence,  the  build-up  time  is  compared  to  the  pumping  pulse  duration  of  about 
Ips,  thereby  limiting  the  laser  efficiency.  The  build-up  time  depends  on  IVU  and  so  does  the  laser  output  power.  These 
factors  haven't  been  taken  into  account  in  previous  works. 


5.  INHOMOGENITY  OF  THE  ACTIVE  MEDIUM 


Experiments  with  plane-parallel  and  plane-concave  resonators  showed 
that  gradients  in  the  refractive  index  of  the  order  lO  ’  cm  '  [4,  7]  are 
primarily  responsible  for  internal  losses  [7],  There  are  two  main  reasons 
for  the  change  of  the  refractive  index  in  the  bleaching  wave  in  XeF2:  The 
difference  in  the  polari2ability  of  the  parent  XeF2  molecule  and  the 
combined  polarizability  of  xenon  and  fluorine  atoms.  The  chemical 
composition  changes  from  XeF2  before  the  front  of  the  bleaching  wave  to 
the  xenon  atom  and  two  atoms  of  fluorine  behind  it.  This  leads  to  a 
variation  proportional  to  the  initial  XeF2  concentration  of  the  refractive 
index  [7],  (about  1.510'’  at  a  XeF2  pressure  of  2  Torr).  The  second  reason 
is  an  increase  in  gas  mixture  pressure  because  of  heat  release  during  XeF2 
photodissociation.  The  rise  in  pressiue  results  in  gas  density  perturbations 
and  a  hence  in  a  change  of  the  refractive  index  [10].  Our  experiments 
show  that  the  speed  of  the  bleaching  wave,  is  about  14  km/s  at  these 
conditions.  It  can  be  shown  that  the  gas  dynamic  component  in  the 
refractive  index  change  is  about  4-10'*.  Which  is  small  compared  to  that 
related  with  the  disruption  of  chemical  bonds  in  XeF2.  Therefore,  it  is 
possible  to  assume  a  linear  dependence  of  An  on  the  initial  XeF2 
concentration,  [XeF2].  In  general,  the  question  about  the  optical 
inhomogenities  requires  further  studies.  In  our  model  we  used  for  the 
intracavity  losses: 


finw  [m»] 


Figure  1  C-^A  luminescence  at  different  distances 
from  the  ferrite  surface  versus  time. 

Solid  lines:  measured  data. 

Dotted  lines:  calculated. 

□  8.6  mm;  t>  13.6  mm;  o  18.6  mm;  +  24.3  mm 


(5) 


where  w  is  the  width  of  the  lasing  region  defined  as  the  width  of  the  spatial  distribution  of  dN/dt  (See  Sec.  2)  at  the  half  of 


its  peak  magnitude. 

Sn  =  E[XeF^\  (6) 

where  e  was  chosen  such  to  get  the  best  agreement  between  the  calculations  and  the  experimental  results:  e  =  2.9- 10’’. 


6.  EXPERIMENTAL  RESULTS,  COMPARISON  WITH  COMPUTATIONAL  RESULTS 


6.1  XeF(C-A)  laser  with  5  kJ  input  energy 

A  detailed  description  of  the  device  and  experimental  technique  has  been  given  in  [1 1],  The  laser  was  powered  by  5  kJ 
energy  stored  in  a  capacitor  bank.  A  pumping  discharge  was  initiated  by  a  ferrite  rod  of  90  cm  long.  The  rod  was  positioned 
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at  the  edge  of  the  clear  laser  aperture  of  8.5  cm  in  diameter.  The  measurements  to  determine  the  pump  source  intensity, 
W(t),  were  performed  with  a  mixture  of  NjiAr  (1:3)  at  total  pressure  of  0.56  atm.  Then,  the  waveforms  of  C-A 
luminescence  at  various  distances  from  the  discharge  were  measured  in  the  same  mixture  with  2. 1  Torrs  of  XeF2  added.  The 
waveforms  of  C-A  luminescence  are  shown  in  Fig.  1  by  solid  lines.  To  get  the  absolute  value  of  the  pumping  flux,  W(t),  we 
fitted  the  peak  intensity  of  the  experimental  waveform  to  obtain  the  closest  agreement  between  the  observed  and  calmlafpd 
luminescence  waveforms.  The  calculated  waveforms  of  C-A  luminescence  are  shown  in  Fig.  1  by  dashed  curves.  This 
yielded  a  peak  value  for  W(t)  of  5.5- 10^'  photons/sec  cm  nm-ster  (6.91  kW.  cm  nm  ster).  The  resulting  intensity,  W(t),  of 
the  pumping  discharge  is  shown  in  Fig.  2  by  the  curve  1.  The  results  of  calculations  were  then  compared  with  the 
experiment  when  the  device  was  operating  as  a  laser  with  the  same  parameters  of  the  working  mixture.  In  this  experiment  a 
plane-parallel  resonator  consisted  of  two  dielectric  mirrors  separated  by  a  distance  of  174  cm  was  used.  One  of  the  mirrors 
has  a  reflection  of  99.9%  and  the  other,  the  out-coupling  mirror,  had  a  transmission  of  5%,  both  at  the  XeF(C-A)  emission 
wavelength.  The  transmission  of  the  mirrors  at  the  wavelength  of  the  competing  XeF(B-X)  transition  was  larger  than  85%. 
Because  the  experimental  conditions  and  the  pumping  source  intensity  were  well  defined,  this  comparison  was  used  to 
obtain  the  proportionality  coefficient,  e,  between  the  refractive  index  change  and  the  initial  density  of  XeF2  in  the  relation 
(6).  Experimentally  a  laser  energy  of  225mJ  was  obtained  while  the  calculation  yielded  220mJ.  To  verify  our  method  for  a 
more  wider  range  of  experimental  conditions  we  have  simulated  a  more  powerful  laser. 


6.2  XeF(C-A)  laser  with  90  kJ  input  energy 

As  experiments  with  a  small-scale  laser  were  used  to  determine  the  e  coefficient  in  (6),  the  only  fitting  parameter  in  the 
numerical  code,  we  were  forced  to  compare  our  computational  results  with  experiments  conducted  by  other  authors 
preferable  with  conditions  far  away  from  those  in  our  experiments.  One  of  the  most  detailed  description  of  experiments  with 
a  large-scale  laser  is  available  in  [3,4].  The  laser  was  pumped  by  a  surface  creeping  discharge  of  190  cm  long.  The  built-in 
optical  resonator  has  a  base  of  280  cm  long  and  consisted  of  two  plane  dielectric^ly  coated  mirrors  with  an  optica!  diameter 

of  20  cm.  One  of  the  mirrors 
had  a  reflection  of  0.99  and 
the  other  mirror  with  a 
reflection  of  0.77  was  used. 

The  laser  was  filled  by  a 
mixture  of  N2:Ar  (1:3)  at  a 
total  pressure  of  1.4  atm  with 
varying  amounts  of  XeF2.  A 
pumping  source  was  located 
on  a  side  wall  of  a  working 
chamber  (12  x  20  cm^).  The 
distance  between  the  optic 
axis  of  the  resonator  and  the 
centre  of  the  discharge  was  6 
cm.  The  discharge  was 
powered  by  an  energy  of  90 
kJ.  To  determine  the  pumping 
source  parameters  we  used 


Figure  2  The  intensity  of  the  pumping  pulse,  W, 
versus  time. 

1  -  energy  input  5kJ 

2  -  energy  input  90  Id  [4] 


Figure  3  Dependence  of  the  laser  output  energy  on 
XeFj  pressure. 

270  Torr-Nj;  790  Torr-Ar.  Mirror  reflectivities: 
R,=0.99;  R2=0.77 

1-  calculation  for  the  conditions  of  [4]. 

2-  the  same  as  1  but  with  an  increased  laser  aperture. 

3-  the  same  as  1  but  with  L.=U=  1 90  cm. 

4-  the  same  as  3  but  with  an  increased  laser  aperture, 
oooooo  experiment  [4]. 


the  waveform  of  the  pumping  pulse  depicted  in  [4]  taking  into  account  that 
the  efficiency  of  the  open  discharge  slightly  depends  on  its  length,  electric 
input  and  the  surrounding  gas  pressure.  Accordingly  to  [4]  this  efficiency  is 
equal  to  about  10%  in  the  pumping  band  of  XeF2.  Thus,  we  calculated  the 
total  quantity  of  dissociated  XeF2  molecules  which  corresponds  to  an 
efficiency  of  10%.  Then  we  fitted  the  peak  intensity  of  the  experimental  waveform,  W(t),  to  obtain  the  amount  of  dissociated 
molecules.  This  gave  a  peak  value  for,  W(t),  of  1.65- 10^^  photons/sec  cm  nm-ster  (20.7kW/cm  nm  ster).  The  intensity  of  the 
pumping  pulse  is  shown  in  Fig.  2  by  the  curve  2.  The  dependence  of  the  output  laser  energy  on  the  XeF2  initial  pressure  is 
shown  in  Fig.  3.  Points  are  experimental  results  from  [4]  and  the  solid  curve  1  is  the  result  of  our  calculation.  Calculations 
were  made  with  the  same  coefficient  e  used  in  formula  (6).  In  view,  that  the  accuracy  of  experiments  is  about  20%,  and  an 
accuracy  of  reaction  rates  is  about  20-30%,  the  agreement  between  the  calculations  and  experiments  may  be  considered  as 
good. 
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7.  CONCLUSIONS 


Calculations  performed  for  the  laser  driven  by  5  kJ  energy  showed  that  an  energy  of  1.3  J  can  be  obtained  with  this 

device  at  a  XeFa  pressure  of  1  Torr.  When  the  limiting  effect  of  the  laser 
aperture  is  removed  an  energy  of  about  2  J  can  be  obtained.  A  second 
option  to  increase  the  efficiency  is  to  reduce  the  build-up  time  of  the 
intracavity  photon  flux.  To  verify  this  assumption,  we  calculated  the 
output  energies  that  can  be  extracted  when  the  cavity  length  Lc  is  equal  to 
the  discharge  length  L,.  Results  of  the  calculation  for  the  90  kJ  driven 
laser  with  L,=Lc=190  cm  are  shown  in  Fig.  3,  The  solid  curve  3 
corresponds  to  the  laser  aperture  reported  in  [4]  while  the  case  of  an 
increased  ^rture  is  shown  by  the  dashed  curve  4.  A  significant 
increment  of  the  output  energy  due  to  the  reduction  of  the  laser  sizes  is 
seen.  Similar  calculations  for  the  laser  driven  by  5  kJ  energy  gave  even 
more  optimistic  results.  An  output  energy  of  6  J  can  be  extracted  with  the 
present  laser  aperture  and  12  J  with  an  increased  aperture  if  Le=Lc=90 
cm.  The  output  energies  obtained  to  date  with  the  optically  pumped 
XeF(C-A)  lasers  are  plotted  in  Fig.  4.  versus  the  energy  stored  in  the 
capacitor.  The  possible  increase  in  the  output  energy  is  also  shown  for 
the  two  devices  described  above.  The  solid  curves  correspond  to  a 
constant  efficiency.  It  is  seen  that  under  optimum  conditions  the 
efficiency  of  the  laser  with  a  small  input  is  the  same  as  that  for  the  larger 
device. 


Siontd  antrgy  [ifc.q 

Figure  4  Output  energy  versus  stored  energy  for  the 
XeF(C->A)  laser. 

1-  Ref.  12;  2-  Ref  1 1;  3-  Ref  3;  4-  Ref  13;  5-  Ref  2; 
6-  Ref  4.  The  dashed  arrow  is  the  possible  increase  in 
the  output  energy  calculated  in  this  work. 
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ABSTRACT 

A  dielectric  barrier  discharge  type  Xe  excimer  lamp  has  been  used  for  etching  of  some  organic  materials  which  can  be 
widely  used  for  opt-electric  applications.  Using  polymethylmetacrylate  (PMMA)  and  polyimidic  (PI)  resin  as  samples,  they 
were  irradiated  at  an  intensity  of  12  mW/cm“.  In  both  cases,  etch  rates  could  be  varied  by  changing  the  species  and  pressures  of 
gases  in  the  chamber.  The  maximum  etch  rates  for  PMMA  and  PI  were  approximately  7  and  10  nm/min.,  respectively.  The 
etched  surface  was  found  to  be  very  smooth  compared  to  the  surfaces  etched  by  the  ArF  excimer  laser.  Because  the  excimer 
lamp  produces  incoherent  radiation,  uniform  irradiation  over  a  large  area  without  speckling  or  interference  fringe  has  been 
obtained.  Furthermore,  because  the  peak  power  of  the  lamp  is  significantly  lower  than  that  of  excimer  lasers,  cfft  ctive 
quantum  effects  and  photochemical  effects  without  thermal  effects  has  been  observed.  We  applied  this  technique  i  ing 
single  crystaline  organic  opt-electric  materials  such  as  1-arginin  phosphate  monohydrate  and  1-histidine  tetrafluoro* 

Keywords:  excimer  lamp,  dielectric  discharge  Xe  excimer  lamp,  vacuum  ultra-violet  light,  photo-etching,  polymer, 
Polymethylmetacrylate,  polyimide 


1.  INTRODUCTION 

Recently,  various  kinds  of  excimer  lamps  have  been  developed  as  a  new  light  source  in  the  vacuum  ultra-violet  (VUV) 
region''"^,  which  can  produce  shorter  wavelengths  than  conventional  ArF  excimer  lasers.  In  particular,  the  Xe  excimer  lamp, 
in  which  the  dielectric  barrier  discharge  has  been  utilized,  is  very  compact  and  has  a  high  efficiency.  These  characteristics 
make  it  a  promising  light  source  for  photo-material  processing^'".  The  Xe  excimer  lamp  produces  radiation  at  a  wavelength  of 
172  nm,  which  corresponds  to  a  photon  energy  of  7.2  eV.  Energy  of  this  level  ishigherthan  bonding  energy  of  many  covalent 
bonds,  such  as  C-H  (4.3  eV),  N-H  (4.1  eV),  0-H  (4.8  eV),  C-C  (3.5  eV),  C-N  (3.4  eV),  C-0  (3.9  eV),  C=C  (6.4eV)and  C=N 
(6.7  eV),  which  are  the  principal  components  in  most  organic  materials.  Only  C  =  0  (7.9 eV),  C^C  (8.7eV),  C=N  (10.4eV) 
etc.  are  higher.  Therefore,  most  bonding  in  organic  materials  is 
broken  when  they  absorb  photons  from  the  Xe  excimer  lamp. 

Furthermore,  unlike  lasers,  because  the  lamp  produces  incoherent  and 
quasi-continuous  radiation,  uniform  irradiation  over  a  large  sample 
area  without  speckling  or  interference  fringes  can  be  expected. 

Besides,  because  the  peak  power  of  the  light  from  the  lamp  is 
significantly  lower  than  that  of  excimer  lasers,  effective  quantum 
effects  and  photochemical  effects  without  thermal  effects  can  be 
observed.  In  this  paper,  we  newly  adopted  the  barrier  discharge  Xe 
excimer  lamp  as  a  light  source  of  photoetching  of  some  organic  optical 
materials  which  can  be  widely  used  for  opt-electric  applications. 

2.  EXPERIMENTAL  SETUP  AND  PROCEDURE 

2.1.  DIELECTRIC  BARRIER  DISCHARGE  XE  EXCIMER  LAMP 

Fig.  1  shows  a  schematic  drawing  of  the  lamp  (USHIO  Inc.,  UER20H-172)  used  in  the  present  experiment.  It  is  referred 
to  as  a  head-on  type  lamp,  has  an  outer  diameter  of  40  mm  and  isl8  cm  in  length.  The  pressure  of  Xe  in  the  tube  was 
approximately  300  Ton*.  The  input  electric  power  was  20  W  (20  kHz,  20  kV)  and  intensity  at  the  end  of  the  tube  was 
approximately  12  mW/cm^ 
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\Dielectric  barrier  discharge 
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Quartz  discharge  tube 


Fig.  1.  A  schematic  diawing  of  a  head-on  type  Xe 
excimer  lamp. 
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22.  ETCHING  EXPERIMENT 


Fig.  2  shows  a  schematic  drawing  of  the  experimental  setup  for  the  etching  experiment.  The  VUV  radiation  from  the  lamp 
was  introduced  into  a  vacuum  chamber  made  of  stainless  steel  through  a  MgFo  window  2  mm  thick.  Polymethyl  metacry  late 


(PMMA)  and  Polyimide  (PI)  resin  were  used  as  samples. 
Chemical  formula  of  these  materials  were  shown  in  Fig,  3.  A 
1  mm  thick  sheet-like  sample  was  placed  25  mm  below  the 
window.  Primaliry,  a  metal  mask  with  slits  100  p-m  apart  was 
used  for  the  experiment.  Thepressure  of  the  gas  in  the 
chamber  was  monitored  and  regulated  by  a  combination  of  a 
rotary  vacuum  pump  and  a  pirani  vacuum  gauge.  Either  the 
air,  N2,  or  Ar  was  used  as  a  gas  in  the  chamber.  The  irradiatin 
period  was  varied  from  10  to  60  min.  in  order  to  estimate  the 
etching  rate.  The  etched  samples  were  characterized  by  the 
Talystep  surface -roughnessmeter,  scanning  electron 
microscope  (SEM),  Fourier  transformation  infrared 
spectrometer  (FT-IR),  and  an  atomic  force  microscope 


(AFM).  The  technique  was  also  applied  to  single  crystalline 

organic  opt-electric  materials  such  as  I-arginin  phosphate  Fig.  2.  A  schemetic  dro wing  of  the  experimental  setup 
monohydrate^  (LAP)  and  1-histidine  tetrafluoroborate^  for  the  etching  experiment. 


(LHBF). 


3.  RESULTS  AND  DISCUSSION 

3.1.  ETCH  RATE 

The  depth  of  the  etched  portions  of  the  samples  was  measured  from  data  taken  by  the 
roughnessmeter,  as  shown  in  Fig.  4.  By  changing  the  irradiation  period,  gas  species  and 
pressure,  we  were  able  to  estimate  the  etch  rate.  The  results  are  shown  in  Fig.  5.  In  the  air 
and  N2,  the  etch  rate  of  both  samples  were  maximum  at  a  pressure  around  10  Torr.  The  etch 
rate  became  smaller  when  the  pressure  became  both  larger  and  smaller  than  around  10  Torr. 
From  these  results,  we  concluded  that  that  the  radicals  of  gases'^  in  the  chamber  which  were 
activated  around  10  Torr.  by  the  VUV  radiation,  played  an  important  role  in  the 
photoetching  process.  When  the  pressure  around  0.75  Torr.  and/or  in  the  case  of  Ar  gas, 
the  etch  rate  was  a  few  nm/min.  Under  these  conditions,  the  number  of  radicals  created 
was  very  small.  Therefore  we  concluded  that  an  etch  rate  of  approximately  1  nm/min.  was 
due  to  a  quantum  process,  where  the  energies  of  the  photon  directly  broak  the  covalent 
bond  in  the  polymers. 

3.2.  SURFACE  MORPHOROGY 


(b) 


Fig.  3.  Chemical  formula  of 
(a)  PMMA  and  (b)  PI. 


Fig.  6  (a)  and  (b)  show  SEM  images  of  the  etched  surfaces  of  PMMA  and  PI,  respectively.  In  Fig.6  (c)  and  (d)are  SEM 
photographs  of  the  same  materials  etched  using  a  pulsed  ArF  excimer  laser,  for  comparison.  In  Fig.  6  (c)  and  (d),  the 


(a)  (b)  Total  pressure  in  the  chamber  (Torr.) 

Fig.  4,  Typical  results  from  the  measurement  by  the  surface 

roughnessmeter.  (a)  PMMA.  (b)  PI.  Fig.  5.  Etch  rate  vs.  total  pressure  in  the  chamber. 
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interference  fringes  and  adsorbed  debris,  which  are  unsatisfactory  for  micro  processing  purposes,  can  be  observed.  In  the  case 
of  PMMA,  where  the  melting  point  is  lower  than  for  PI,  traces  of  partial  melting  can  be  observed.  In  contrast,  the  surface 
etched  by  the  lamp  was  found  to  be  very  smooth.  No  interference  fringe  was  observed  because  of  the  incoherent  light 
Furthermore,  neither  adsorbed  debris  nor  traces  of  partial  melting  were  observed.  This  indicates  that  the  thermal  effects  are 
very  small  or  negligible  in  the  process.  The  rising  temperature  calculated  from  the  intensity  of  the  lamp,  thickness,  absorption 
coefficient  and  thermal  conductivity  of  the  samples  was  as  low  as  approximately  0.6® C. 

Fig.  7  (a)  and  (b)  show  AFM  images  of  PMMA  before  and  after  etching,  respectively.  In  Fig.  7(b),  many  cavities,  which 
had  not  been  present  in  the  sample  prior  to  etching,  are  observed.  These  cavities  are  considered  to  be  etch-pits  corresponding 
to  the  degree  of  crystallization  in  the  polymers.  Typical  size  of  the  pits  was  approximately  25  nm  in  diameter  and  10  nm  in 
depth.  Unfortunately,  a  clear  AFM  image  of  the  PI  sample  was  not  obtained  because  both  the  original  and  the  etched  surfaces 
were  relatively  rough,  as  shown  in  Fig.  4  (b). 

3.3.  POSSIBLE  MECHANISM  OF  THE  ETCHING 

In  the  case  of  the  etching  using  asingle  slit  with  width  of  5  f.im,  the  width  of  etched  part  of  PMMA  became  much  wider 
than  that  of  PI.  To  investigate  this  difference  in  etched  width,  FT-IR  spectra  of  these  samples  were  measured.  The  results  are 
shown  in  Fig.  8.  In  the  case  of  PMMA,  a  spectra  near  3000  cm'‘  and  1200  cm  '  changed  after  the  irradiation  process,  whereas 
change  in  the  spectrum  of  PI  was  very  small.  This  indicates  that  a  certain  number  of  damaged  morecules  were  present  in  the 
PMMA  sample,  whereas  almost  no  damaged  molecules  were  in  the  PI  sample.  As  shown  in  Fig.  3  (a),  in  the  case  of  PMMA, 
almost  all  bonds  are  single,  of  which  energy  is  much  lower  than  the  photon  energy.  When  the  VUV  is  irradiated,  damaged 
molecules  should  be  distributed  near  the  irradiated  surface.  As  the  breaking  of  the  bonds  proceeds,  the  molecules  which 
become  small  enough  to  have  a  high  evaporation  pressure,  leave  the  surface.  On  the  other  hand.  In  the  case  of  PI,  35%  of 
chemical  bonding  are  double,  with  energies  comparable  or  higher  than  the  photon  energy,  as  shown  in  Fig.  3  (b).  In  addition, 
the  absorption  coefficient  of  PI  is  larger  than  that  of  PMMA.  Only  the  single  bonds  very  near  the  surface  are  broken  very 
effectively.  Consequently,  crusters  including  benzen  rings  and/or  carbonyl  groups  shoud  also  leave  the  surface.  The  radicals 
mentioned  above  increase  the  rate  leaving  the  crusters  from  the  surface.  At  this  moment,  this  is  our  hypothesis,  and  further 
investigation  will  necessary  to  identify  the  genuine  process. 

3.4.  ETCHING  OF  SINGLE  CRYSTALLINE  ORGANIC  OPTICAL  MATERIALS 


Fig.  9  (a)  and  (b)  show  optical  micrographs  of  LAP  and  LHBF  which  have  been  etched  by  the  Xeexcimer  lamp  with  the 
mask.  The  successful  etching  of  these  materials  can  be  seen  by  observing  the  pattern  of  the  mask  on  the  surface.  In  the  LHBF 


Fig.  7.  Atomic  force  microscope  images  of  surface  of  PMMAs  (a)  before  and  (c)  after  etching.  The  scalings  are  0.2  [lAm/div.  along 
the  x-y  axes  and  40  nm/div.  along  the  z  axis. 
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sample,  wrinckle-like  pattern  and  brawnish  discoloration  were  observed  on  the  surface  of  the  etched  parts.  In  the  LAP crystal, 
similar  pattern  was  observed  soon  after  the  etching  had  been  completed.  However  the  pattern  disappeared  after  leaving  inthe 
air  for  a  few  days  as  shown  in  Fig.  9  (b).  The  reason  of  these  phenomena  might  be  that  LAP  contains  phosphate  group  which 
has  low  evaporation  pressure  ans  very  high  deliquescency. 


Wavenumber  (cm'  ^ 

Fig.  8.  FT-IR  spectra  of  (a)  PMMA  and  (b)  PI,  before  and  after  the  irradiation. 
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Fig.  9.  Optical  micrographs  of  surfaces  of  (a)  LAP  and  (b)  LHBF  etched  by  Xe  excimer  lamp. 


4.  SUMMARY  AND  CONCLUSIONS 

The  dielectric  barrier  discharge  type  Xe  excimer  lamp  has  been  used  for  etching  of  PMM  and  PI,  as  well  as  LAP  and 
LHBF.  Because  the  radiation  from  the  lamp  was  incoherent,  a  very  smooth  surface  without  speckling  or  interference  fringe 
has  been  obtained.  Furthermore,  because  the  power  of  the  lamp  is  significantly  lower  than  that  of  excimer  lasers,  effective 
quantum  effects  and  photo-chemical  effects  without  thermal  effects  has  been  observed.  In  addition  to  these,  it  has  been  found 
that  the  etch  rate  can  be  controlled  by  changing  the  species  and  pressures  of  gases  in  the  chamber.  Also  we  considered  the 
model  in  which  radicals  increased  the  rate  at  which  molecules  left  the  surface. 

From  these  observations  we  can  conlude  that  the  Xe  excimer  lamp  is  very  promissing  as  a  compact  VUV  light  source  for 
photo-material  processing  of  organic  materials  in  which  thermal  effect  must  be  prevented. 
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ABSTRACT 

In  this  conti  It) Litton,  the  condensation  theory  of  I.M.  Lifshitz  and  V.V.  Slyozov  will  be  used  to  calculate  the 
formation  of  metal  clusters  in  the  plasma/ vapour  regime  above  an  aluminum  target  in  a  nitrogen  atmosphere 
of  1  bar  irradiated  with  248  nm,  30  ns  FWHM  pulses.  This  theory  takes  into  account  formation  of  clusters 
by  fluctuations  in  the  supersaturated  medium  (plasma/vapour).  It  also  accounts  for  both  cluster  growth  due  to 
atom-ciuster-collisions  (nucleation)  and  collisions  between  clusters  (coalescence  state).  This  condensation  model 
is  integrated  in  a  gasdynamic  code  which  calculates  the  flow  field  and  the  thermodynamic  properties  of  the 
plasma/ vapour.  In  addition,  the  density  of  electrons,  clusters,  and  neutral  particles  are  determined  and,  finally, 
with  the  appropriate  polarizibility  the  refraction  index  can  be  calculated.  The  theoretical  data  will  be  discussed 
together  with  the  results  of  interferometric  measurements. 

Keywords;  laser  ablation,  cluster  formation,  condensation,  refraction  index  distribution 


1  INTRODUCTION 

The  attenuation  and  absorption  of  the  incident  laser  beam  during  treatment  of  material  with  C02-lasers  is 
explicable  by  inverse  bremsstrahlung.  An  interpretation  of  the  attenuation  during  excimer  laser  ablation  in  terms 
of  Rayleigh  scattering  of  the  incident  laser  beam  by  clusters  in  the  plasma/vapour  plume  is  given  by  Schittenhelm 
et  al.^  In  this  case  the  cluster  growth  was  determined  by  effusion  theory  but  the  clusters  density  and  the  initial 
radius  had  to  be  assumed,  and  the  essential  thermodynamic  properties  were  estimated  by  the  Sedov  blast  wave 
theory.  In  contrast,  Kar  and  Mazumder^  derived  the  thermodynamic  properties  in  the  plume  by  solving  the 
Euler  equations,  and  the  cluster  size  was  calculated  using  a  simplified  model  based  on  the  condensation  theory  of 
LM.  Lifshitz  and  V.V.  Slyozov.^  The  procedure  to  determine  the  laser-induced  processes  in  the  present  paper  is 
similar  to  that  one  of  Kar  and  Mazumder.  However,  the  entire  condensation  theory  has  been  taken  into  account 
and  the  cluster  distribution,  size,  and  density  have  been  calculated  considering  the  probability  of  fluctuation  in 
dependence  on  the  supersaturation  in  the  plume  as  well  as  the  cluster  growth  due  to  nucleation  and  coalescence. 

2  THEORY 

The  flow  of  the  evaporated  material  and  the  disturbed  ambient  gas  above  the  Krmdsen  layer  is  described 
by  the  two-dimensional  Euler  equations  with  rotational  symmetry.  Mass,  momentum,  and  energy  are  conserved 
and  inverse  bremsstrahlung  is  taken  into  account  (the  absorption  coefficient  is  calculated  after  Mulser^).  The 
coordinate  system  is  fixed  with  the  upper  boundary  of  the  Knudsen  layer.  The  boundary  conditions  are  given  by 
the  Knudsen  layer  mechanism.  The  finite- difference  procedure  is  based  on  a  modified  McCormack  algorithm  which 
solves  the  equations  with  the  predictor-corrector  method  including  the  time-splitting  procedure.  The  simulation 
bases  on  prerequisites  (e.g,  constant  specific  heat  etc.)  and  their  improvements  may  lead  to  changes  in  the 
presented  quantities. 

In  order  to  obtain  the  grain  size  from  fluctuations  in  the  supersaturated  medium,  a  minimum  energy  Rmin  — 
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Aira^a  -  Sna^al{3ak)  must  first  be  expended  on  the  formation  of  a  grain^^  Here  a,  a,  and  ak  are  the  radius 
of  the  grain,  the  surface  tension,  and  the  critical  radius  respectively.  The  critical  radius  is  calculated  by  a*,  = 
2a/{kTA{t))  with  the  supersaturation  of  the  vapour  A(f).  The  probability  of  having  grains  with  size  a  is  given 
by  the  Boltzmann  distribution  function: 


/o(o)  =  n{t)inal  —  exp 
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Here  fo{a)da  is  the  number  of  grains  with  radius  [a  ...  a  da]  per  unit  volume,  n{t)  is  the  particle  density 
of  the  evaporated  material,  rria  is  the  atomic  mass,  and  qt  is  the  density  of  the  atoms  in  a  cluster.  For  a 
first  approximation  the  density  of  the  fluid  itself  was  assumed.  The  funtion  /o(a)  has  a  strong  minimum  for 
ak  =  a.  Grains  smaller  than  dissolve  after  their  formation  (overcritical  region),  but,  larger  grains  can  increase 
unhindered  (undercritical  region).  Grains  from  the  overcritical  region  can,  however,  reach  the  undercritical  region 
with  a  considerable  probability.  This  is  described  by  a  diffusion  equation  in  the  space  of  grain  dimension.  The 
solution  gives  approximately  the  number  of  surviving  grains  per  unit  volume  and  time: 


1e+60 

1e+50 

1e+40 

1e+30 

1e+20 

1e+l0 

1 

1e-10 

1e-20 

1e-30 

16-40 

1e-50 

1e-60 


grain  formation  rate;  p  =  8  kbar;  Al 


0.2 


, 

5000  K  -  . 

10000K  . 

15000 K 

- 

0.4  0.6  0.8 

surface  tension  [N/m] 


1.2 


1  4 


Figure  1:  Surviving  grains  versus  surface  tension  for 
Al  at  8  kbar  for  different  surface  temperatures 
is  given  by  the  following  equation: 
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This  equation  indicates  a  strong  dependence  on  the  tem¬ 
perature  and  the  supersaturation.  For  aluminum  a  surface 
tension  of  0.5892  N/m  at  2767  K  was  used.  The  temper¬ 
atures  and  pressures  in  the  plume  (up  to  several  10000  K 
and  1  kbar  can  be  reached)  are  much  higher  so  that  the 
surface  tension  is  not  known.  Fig.  1  shows  that  a  change  in 
the  surface  tension  of  aluminum  of  20%  leads  to  a  change  in 
the  grain  formation  rate  of  20  orders  of  magnitude.  Thus, 
for  a  lower  surface  tension  the  grain  formation  is  drastically 
increased. 


The  surviving  grains  grow  to  clusters  (nucleation).  The 
equation  of  the  speed  of  growth  is  derived  by  gas  kinetic 
methods.  The  flow  of  atoms  onto  a  surface  of  a  grain/cluster 
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Here  ria  is  the  number  density  corresponding  to  a  cluster  of  radius  aS^  The  particle  flow  onto  the  surface  results 
in  a  rate  of  cluster  growth: 

da  _  a  1 2ma  /  \ 

dt  Qt  V  7rkT  \ak  a) 

This  equation  indicates  that  only  for  a  >  is  growth  of  clusters  possible.  In  the  coalescence  state  the  cluster 
sizes  are  increased  due  to  cluster-cluster  collisions.  The  formation  of  new  clusters  by  fluctuations  is  negligible 
and  the  growth  of  clusters  is  determined  by  the  process  that  larger  clusters  ”eat  up”  smaller  ones.  The  governing 
equations  are: 
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The  first  equation  describes  the  cluster  growth,  the  second  the  evolution  of  the  density  of  the  clusters,  and  the 
third  one  the  reduction  of  the  supersaturation. 

initial  clusters  are  defined  as  grains 

^The  saturated  vapour  pressure  for  a  curved  fluid  surface  is  higher  than  for  a  plane  one.  This  leads  to  a  higher  saturation  particle 
density  at  the  surface  of  the  grain  if  the  temperature  keeps  constant. 
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3  RESULTS  AND  DISCUSSION 


Figure  2:  Temperature  distributions  along  the  opti-  Figure  3:  Cluster  radii  along  the  optical  axis  (at  15 
cal  axis  for  15,  30,  45,  and  60  ns.  ns  the  cluster  growth  is  zero). 

The  temperature  distribution  along  the  optical  axis  and  the  corresponding  cluster  radii  are  presented  in  Fig. 
2  and  3.  The  temperature  profiles  show  a  jump  at  the  contact  front  due  to  a  jump  in  the  specific  gas  constant. 
The  temperature  is  drastically  increased  in  the  region  behind  the  contact  front  in  the  first  30  ns  due  to  absorption 
by  inverse  bremsstrahlung.  This  leads  to  an  acceleration  of  the  contact  front.  Thus,  the  shock  front  is  pushed 
forward,  its  velocity  is  increased,  and  a  steeper  temperature  jump  in  the  shock  front  occurs  after  30  ns.  This  leads 
to  a  considerable  electron  density  at  the  shock  front  as  well.  In  a  region  between  25  /rm  and  150  fivn  above  the 
target  a  condensation  of  clusters  forms.  After  60  ns  they  have  a  maximum  average  size  of  about  21  nm  and  the 
density  of  clusters  amounts  to  10^°  These  studies  from  a  theoretical  point  of  view  may  lead  to  a  modified 
interpretation  of  the  earlier  results  of  Callies  et  al.® 
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Figure  4:  Temperature  distribution  along  the  optical  Figure  5:  Avg.  cluster  radii.  No  cluster  growth  for 
axis  for  different  intensities  arid  MST.  5  ■  10®  W/arn?  and  10000  K  respectively. 

The  cluster  growth  depends  strongly  on  the  intensity  of  the  incident  light  and  the  maximum  surface  temper¬ 
ature  (MST),  see  Fig.  4  and  Fig.  5.  The  MST  values  are  assumed  from  heat  conduction  calculations.  No  cluster 
growth  occurs  below  11000  K  MST  or  for  an  intensity  of  5  •  10®  Wjcm^.  In  this  case  the  initial  number  of  free 
electrons  in  the  plume  is  not  large  enough  to  increase  the  temperature  in  the  plume  by  inverse  bremsstrahlung 
and  to  force  the  cluster  formation.  In  the  case  of  12000  K  MST  and  an  intensity  of  10®  W/cmr'  the  absorption 
is  much  higher  which  leads  to  a  strong  increase  of  the  temperature  and  the  cluster  growth. 
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The  refraction  index  in  the  plume  can  be  inferred  from 
time  resolved  interferometric  measurements.^  On  the  other 
hand  it  can  be  calculated  if  the  electron  density,  neutral 
particle  density  and  the  density  of  clusters  and  their  cor¬ 
responding  polarizibilities  are  known.  In  Fig.  6  calculated 
refraction  indices  are  compared  with  measured  ones.  The 
parameters  in  the  simulation  are  11000  K  and  12000  K 
MST  respectively  at  an  intensity  of  10®  Wlcm^.  The  pa¬ 
rameters  in  the  experimental  investigations  are  compare- 
able  except  that  copper  was  used  instead  of  aluminum.  The 
comparison  shows  a  qualitatively  good  agreement.  The  dis¬ 
tance  of  the  ionization  front  in  the  case  of  12000  K  MST 
is  in  agreement  with  the  measured  values  and  even  the  cal¬ 
culated  shock  front  position  has  almost  the  same  distance. 
The  simulation  indicates  that  the  strong  decrease  in  refrac¬ 
tion  index  closely  behind  the  shock  front  is  caused  by  the 
transition  from  disturbed  ambient  gas  to  material  vapour. 

The  present  calculations  of  the  condensation  phenomena  lead  to  the  following  conclusions: 

•  The  surface  temperature  alone  is  not  high  enough  to  produce  cluster  grow’th.  The  absorption  by  inverse 
bremsstrahlung,  however,  results  in  temperatures  up  to  40000  K  in  the  plume.  This  is  high  enough  to  cause 
considerable  cluster  growth. 

•  Due  to  absorption  of  the  laser  energy  the  contact  front  is  accelerated  and  pushes  the  shock  front. 

•  The  contact  front  is  identical  to  the  ionization  front.  The  third  discontinuity  observed  in  earlier  investigations^ 
may  be  a  cluster  front. 

•  The  electron  density  is  initially  high  in  the  metal  vapour. 

•  The  kinetic  and  internal  energy  of  the  ablated  material  is  not  high  enough  to  cause  an  ionization  of  the 
compressed  ambient  gas  behind  the  shock  front. 

•  The  comparison  of  calculated  and  measured  refraction  index  shows  a  qualitatively  good  agreement. 

The  work  is  supported  by  the  Deutsche  Forschungsgemeinschaft  (DFG)  under  code  number  HU  463/3  and  by 
the  Forschungszentrum  Geesthacht  GmbH  under  code  number  MPT  19. 
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dices.  The  chosen  parameters  are  described  in  the 
text. 
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ABSTRACT 

Results  of  experiments  investigating  the  influence  of  the  XeCl  and  KrCl  laser  beams  on  the  generation  of 
electron  beams  up  to  short  threshold  are  reported.  The  cathode  was  a  lead-Ianthanum-zirconium-titanate  PLZT  ceramic 
having  the  emission  side  coated  with  200|im  large  strips  made  up  gold  film.  Under  the  laser  irradiation  the  emission 
current  increased  more  than  40%. 

Keywords;  excimer  lasers,  ferroelectric  ceramic,  electron  emission 

L  INTRODUCTION 

Ferroelectric  materials  are  a  new  class  of  electron  generators.  The  highest  value  of  electron  generation  has  been 
observed  when  a  fast  polarising  pulse  was  applied  to  the  lead-Ianthanum-zirconium-titanate  (PLZT)  cathode^’^,  whereas 
the  mechanism  responsible  of  the  electron  emission  is  due  to  the  rapid  internal  electric  field  that  appears  during  the 
polarisation  change  at  temperatures  near  the  antiferroelectric  (AFE)  ferroelectric  (FE)  phase  transition.  The  polarisation 
change  occurs  applying  a  fast  voltage  pulse  on  the  sample.  The  experimental  results  report  electron  emission  variable 
from  10"^  to  100  A/cm^.^"^  It  seems  the  ferroelectric  electron  emission  (FEE)  can  be  classified  into  two  regimes^’  the  low 
current  regime  starts  when  the  electric  field  applied  by  voltage  between  the  electrodes  is  <  5kV/cm,  while  the  high 
current  regime,  observed  with  PLZT  ceramic,  occurs  under  rapidly  rising  electric  fields  of  more  20kV/cm  applied  across 
the  dielectric  with  a  time  duration  more  than  100  ns. 

Current  densities  resulted  about  two  order  of  magnitude  greater  that  the  Child-Langmuir  law.  A  such  behaviour  can 
be  explained  considering  the  high  electron  energy  of  emitted  electrons^,  the  plasma  formation  during  the  electron 
emission^,  and  the  presence  of  the  exciting  pulse  in  the  propagation  volume.  The  plasma  can  increase  the  accelerating 
field  for  the  electrons  but  its  expansion  versus  the  collector  limits  the  acceleration  up  the  short  threshold  due  to  the  short- 
circuits  between  the  cathode-anode  gap. 

In  the  present  work  we  shall  give  the  experimental  results  relative  to  electron  emission  from  a  ferroelectric  ceramic 
disc  4/95/5  PLZT  under  the  influence  of  the  laser  radiation.  We  give  also  the  measurements  of  the  exciting  pulse  in  the 
electron  beam  propagation  volume. 


n.  EXPERIMENTAL  SET-UP 

Fig.  1  shows  the  vacuum  chamber  having  the  cathode  holder  and  a  quartz  windows  in  order  to  permits  the 
entrance  of  the  laser  beam.  The  emission  current  was  accelerated  by  a  polarised  grid  anode  (A).  It  is  made  up  a  stainless 
steel  grid  with  4  meshes  per  mm^  having  an  optical  transmission  of  about  64%.  The  distance  anode-cathode  was  15  mm. 
The  accelerating  electric  field  was  reached  putting  the  emission  electrode  of  the  cathode  to  the  ground  and  the  grid  anode 
to  +  5kV  by  a  charging  resistor  higher  than  50  Q.  The  diagnostic  system  was  composed  by  two  Rogowski  coils;  the  small 
one  was  utilised  for  the  measurement  of  exciting  current  and  its  attenuation  factor  was  14.8  A/V,  while  the  large  one  was 
utilised  for  the  measurement  of  the  electron  current  from  the  cathode  and  its  attenuation  factor  was  30  A/V.  This  last 
current  was  monitored  also  with  the  grid  anode  which  was  able  to  detected  only  the  36%  of  total  current.  Its  was 
measured  by  the  voltage  on  the  50  Q  resistance  connected  to  the  anode  by  means  a  4  nF  capacitor,  C. 

The  fast  exciting  voltage  was  realised  by  a  fast  transistor  switch  (TRl)  Behlke  HTS  30-06  and  a  discharging 
capacitor  of  InF.  As  trigger  pulse  was  utilised  the  laser  discharge  pulse  taken  on  the  laser  main  electrodes  by  means  a 
CuSOq  voltage  divisor.  The  trigger  pulse  started  about  120  ns  before  the  laser  action  so  the  trigger  signal  was 
transferred  from  the  voltage  divisor  to  the  TRl  switch  by  a  delay  line  such  to  counterbalance  the  laser  beam  delay.  The 
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TRl  switch  was  fed  with  a  positive  power  supplier  as  can  be  seen  in  Fig.  2.  The  pulse  shape  was  accomplished 
connecting  a  second  transistor  switch  (TR2)  Behlke  HTS  21-06  to  a  negative  power  supplier  and  4nF  capacitance.  This 
last  switched  on  a  delay  time  due  to  the  delay  lines  placed  between  the  TRl  and  TR2  trigger  connectors.  Specific  voltage 
values  and  line  lengths  were  necessary  to  get  successful,  namely  to  accelerate  the  beam  ivithout  short-circuits. 

HV 


Fig.  1:  Accelerating  chamber.  K:  cathode,  A:  anode,  LR:  large  Rogowski  coil,  SR;  small  Rogowski  coil,  C:  4nF  separator  capacitor,  W: 
quartz  windows,  M:  mirror. 


Fig.  2:  Electric  circuit  of  the  pulser.  TRl  ( HTS  30-06 )  and  TR2  ( HTS  21-06 )  transistor  switches,  R:  5  kf^  charging  resistors. 

The  connection  between  the  exciting  pulse  and  the  cathode  was  realised  by  a  short  50  Q  coaxial  cable  closed  on  a 
load  resistance  of  120  Q.  This  solution  was  bound  to  variable  cathode  impedance  during  the  excitation  which  did  not 
allow  to  match  the  exciting  pulse. 

The  exciting  pulse  was  monitored  with  a  fast  resistive  divisor  having  an  attenuatign  of  100. 

The  laser  device  used  in  this  experimental  work  was  described  in  previous  paper  .  The  standard  mixtures  for  308  nm 
(4.02  eV)  and  222  nm  (  5.6  eV)  were  Xe/HCl/Ne  and  Kr/HCl/Ne,  respectively.  The  output  laser  energy  was  2mJ  for  the 
XeCl  and  1  nJ  for  the  KrCl.  A  vacuum  of  10'^  kPa  was  maintained  in  the  accelerating  chamber  by  a  turbo-molecular 
pump.  The  laser  energy  was  measured  with  a  joule-meter  (Gentec  ED200),  while  the  laser  pulse  shape  (  temporal 
evolution)  was  recorded  with  a  fast  photodiode  (  Hamamatsu  R1320U-02).  Two  digitising  oscilloscope  (Tektronix  TDS 
540,  IGHz  and  a  LeCroy  9361,  2.5GHz)  were  used  to  record  the  signals 
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3.  EXPERIMENTAL  RESULTS  AND  DISCUSSION. 


A  0.37  mm-thick,  16  mm-diameter  ferroelectric  ceramic,  PLZT  4/95/5,  disc  coated  with  a  thin  uniform  gold  layer  on 
the  back  and  with  200  wide  strips  separated  by  a  similar  distance  on  the  emission  side  was  used.  It  was  prepoled  by 
applying  a  dc  voltage  of  2kV/cm  with  negative  polarity  on  emission  surface.  The  sample  was  maintained  at  230 
temperature  for  1 5  min,  reaching  the  FE  phase  and  it  was  afterwards  cooled  down  to  room  temperature  reaching  its  AFE 
phase  through  the  FE-AFE  phase-transition  temperature. 

During  the  experiments  the  TR2  switch  was  fed  with  a  fixed  voltage  corresponding  to  -lOOOV  while  the  TRl  was  led 
with  a  fixed  voltage  of  1900  V.  These  values  were  chosen  up  to  short  threshold,  namely  in  order  to  avoid  anode-cathode 
short-circuits  with  an  exciting  positive  pulse  width  of  50  ns.  Under  these  conditions  the  output  current  was  of  1  A. 

Fig.  3  shows  the  generated  current  recorded  with  the  grid  anode. 


Fig.  3:  Output  current  from  the  PLZT  cathode  without  laser  irradiation 


Fig.  4:  Waveform  of  the  output  current  and  KrCl  laser  pulse  at  different  delay  times;  0, 50  and  100  ns  between  laser  beam  and 

output  current. 

Fig.  4  shows  the  results  of  emission  current  under  the  KrCl  laser  irradiation.  The  laser  beam  acted  on  the  sample  at 
different  delay  time  with  respect  to  the  electron  emission.  From  Fig.  4  it  is  possible  to  observe  the  presence  of  two  peaks 
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in  the  electron  emission.  One  peak  is  in  correspondence  with  the  laser  beam  and  one  peak  is  in  correspondence  with  the 
exciting  pulse.  When  the  laser  beam  was  applied  at  the  onset  time  of  the  electron  emission  the  output  current  became 
80%  higher  than  the  current  without  the  laser  beam  generating  an  output  current  of  about  1.8  A.  With  the  laser  beam 
applied  at  50  and  100  ns  before  the  electron  emission,  the  output  current  became  1.3  A  and  1.2  A,  respectively.  In  this 
case  the  current  pulse  observed  with  the  laser  action  can  be  due  to  photoemission  processes  from  the  emission  electrode 
present  on  the  PLZT  sample. 

A  different  behaviour  was  observed  with  the  XeCl  laser  irradiation.  In  this  case  the  output  electron  beam  was  formed 
by  a  single  pulse  and  the  laser  irradiation  increased  its  intensity  of  about  40%. 

Measurement  were  done  applying  the  laser  beam  before  the  electron  emission  and  as  a  consequence  a  output  current 
pulse  lower  than  1 .4  A  was  obtained.  Fig.  5  shows  the  output  current  under  the  XeCl  laser  irradiation. 


Fig.  5:  Waveform  of  the  output  current  and  XeCl  laser  pulse  at  two  delay  times;  0  and  50  ns  between  laser  beam  and  output  current. 

By  theoretical  calculations  of  the  electron  beam  current,  under  our  experimental  conditions  and  using  the  Child 
Langmuir  law  a  current  density  of  0.37  A/cm^  was  obtained.  From  our  experimental  results  the  maximum  current  density 
obtained  was  0.74  A/cm^,  value  larger  than  the  theoretical  one.  This  discrepancy  could  be  ascribed  also  to  the  electric 
field  present  in  the  propagation  volume.  In  fact,  putting  a  antenna  probe  near  the  emission  electrode  and  annulling  the 
accelerating  voltage,  a  voltage  pulse  having  a  waveform  similar  to  the  exciting  one  was  observed.  Voltage  signals 
propagating  in  the  accelerating  zone  can  penetrate  only  by  the  strip  electrode.  By  comparing  the  voltage  values  measured 
with  the  ferroelectric  cathode  fixed  into  the  older  and  the  voltage  values  measured  with  the  insulating  disc  fixed  into  the 
holder  we  found  a  rate  of  1/6.  The  percentage  obtained  (16%)  was  very  meaningful.  However,  the  penetrated  field  can 
strongly  to  modify  the  accelerating  conditions  and  to  generate  electron  beam  of  intensity  very  different  from  those 
calculated  by  the  Child  -Langmuir  law. 
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ABSTRACT 

The  kinetic  parameters  of  ejected  species  during  excimer  laser  ablation  of  a  NbTe4  target 
are  investigated  by  optical  Time-of-Flight  spectroscopy.  Velocities  of  monoatomic  neutr^s,  ions 
and  molecules  are  calculated  for  different  laser  fluences. 

Keywords  :  pulsed  laser  ablation,  niobium  tellurides,  Time-of-Flight  spectroscopy 


1.  INTRODUCTION 

A  large  field  of  applications  as  microelectronics,  micromechanics  and  optics  needs  to 
overcome  the  deposition  of  various  materials  showing  dielectric,  superconducting  or 
piezoelectric  properties  under  thin  film  form.  Numerous  methods  were  developed  as  Chemical 
Vapour  Deposition,  Sputtering,  Thermal  Evaporation.  Since  the  early  1980’s,  a  new  process 
based  on  laser  ablation  is  developed'.  The  Pulsed  Laser  Deposition  (P.L.D)  method  is  based  on 
the  laser  evaporation  of  a  target  and  the  subsequent  deposition  of  the  ablation  plume  on  a 
substrate  (see  fig.  1).  A  wide  variety  of  materials  was  succesfully  deposited  in  thin  film  form  by 
this  method'^. 


Substrate 


Fig.  1  :  Typical  Pulsed  Laser  Depositionset-up 


Recently,  thin  films  crystallized  in  the  NbTe2  pha.se  were  performed  by  using  P.L.D 
process^.  The  NbTe2  compound  presents  strong  anisotropic  properties  and  finds  applications  in 
microelectronics  (2D  conductors)  and  micromechanics  (solid  lubricant).  These  results  shown 
the  key  role  played  by  the  laser  fluence.  The  kinetic  parameters  of  ablated  species  influence 
sharply  the  thin  film  formation  processes.  In  order  to  understand  the  influence  of  the  laser 
parameters  on  these  mechanisms,  it  is  necessary  to  study  the  ablation  process  and  the  expansion 
of  the  ablation  cloud. 
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2.  EXPERIMENTAL  SET-UP 


Ablation  was  performed  in  a  stainless  steel  high  vacuum  chamber  (pressure  2.10  Pa). 
An  excimer  laser  (Lambda  Physics  220i  KrF  248  nm)  delivering  400  mJ  in  20  ns  pulse  duration 
was  used.  The  beam  was  focused  onto  a  bulk  NbTe4  rotating  target  at  45°.  The  spot  size  was  1 
mm^  The  energy  density  ranged  from  3  to  8  J/cm^.  Targets  were  produced  by  direct  preparation 
from  the  elements  (Nb,  Te)  in  stoichiometric  proportion  (solid  state  reaction  in  sealed  quartz 
ampoule). 

Characterization  of  the  plume  by  Time-of-Flight  (ToF)  spectroscopy  is  based  on  the 
observation  of  the  transient  signal  of  the  spectral  lines  of  species  present  in  the  plume  at 
different  distances  from  the  target.  The  time  between  the  laser  pulse  and  the  maximum  of  the 
transient  signal  is  the  delay  time.  ToF  measurements  were  made  by  using  a  50  cm  focal  length 
MacPherson  monochromator  and  a  fast  photomultiplier  RCA  4837.  We  observed  the  following 
spectral  lines  :  Nbl  4058  A,  Tel  3175  A,  Nbll  3194  A,  TeH  4866  A  and  Tej  4957  A.  Velocities 
were  calculated  from  the  slope  of  variation  of  the  delay  time  vs  the  distance. 


3.  RESULTS 

The  ablation  threshold  of  a  NbTe4  target  is  about  0.4  J/cm^.  Figures  2  and  3  show  the 
evolution  of  the  delay  times  of  neutrals  and  ions,  as  a  function  of  the  distance  to  the  target,  at  a 
fluence  of  7.9  J/cm  .  Increasing  the  laser  fluence  induces  a  decrease  of  the  delay  times  of  all 
ablated  species.  It  is  noticeable  that  the  delay  times  of  neutral  tellurium  and  both  ionized  species 
increase  linearly  with  the  distance  on  all  the  observed  range  (2  -  10  mm),  for  the  Tel,TeII  and 
Nbll  species.  This  indicates  that  these  species  move  in  the  free  expansion  regime  for  distances 
up  to  6  mm.  At  this  distance,  the  slope  of  variation  of  the  delay  time  increases,  indicating  that 
niobium  atoms  loose  kinetic  energy  at  this  distance,  probably  during  collisional  processes.  For 
distances  higher  that  6  mm,  the  delay  time  increases  linearly  again. 


Figs.  2  and  3  :  delay  times  of  neutrals  and  ions  vs  the  distance  to  the  target 

(<J)  =  7.9J/cm2) 


Figure  4  and  5  show  the  evolution  of  the  velocities  of  the  neutrals  and  ions,  as  a  function 
of  the  laser  fluence.  Increasing  the  fluence  induces  an  increase  of  the  velocities  of  all  ablated 
species.  We  observed  that  the  ratio  of  the  velocity  of  a  Nb  atom  by  the  one  of  a  Te  atom  is 
closed  to  the  square  root  of  the  ratio  of  the  mass  of  a  Te  atom  by  the  one  of  a  Nb  atom: 
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Figs.  4  and  5  :  Velocities  of  neutrals  and  ions  vs  the  laser  fluence 


The  Te  and  Nb  atoms  movement  follow  the  law  of  the  conservation  of  the  energy.  This 
shows  that  neutral  species  are  ejected  from  the  target  by  the  same  mechanisms.  The  same 
observation  concerning  the  ratio  of  velocities  can  be  made  for  ionized  species.  We  noticed  that 
increasing  the  laser  fluence  from  3  to  5  J/cm^  induces  a  weak  increase  of  the  velocity  of  Tell 
ions.  Between  5  and  7.9  J/cm^  the  variation  of  velocity  becomes  important  and  close  to  the  one 
ofNbllions. 


dt  (ns) 
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The  observation  of  the  transient  signal  of  the  Te2  4957  A  shows  two  peaks  related  to  two 
different  populations  of  molecules,  the  second  population  appearing  about  300  ns  after  the  first 
one.  The  figure  6  shows  the  delay  times  of  these  two  molecular  populations  as  a  function  of  the 
distance  of  the  target,  at  a  fluence  about  7.9  J/cm^.  Figure  7  shows  the  velocities  of  the  two 
populations  vs  the  fluence.  As  for  monoatomic  species,  increasing  the  laser  fluence  induces  a 
decrease  of  the  delay  times  and  an  increase  of  the  velocities  of  both  populations.  Te2  molecules 
move  in  a  free  expansion  regime  on  all  the  observed  range. 


V  (m/s) 


It  is  noticeable  that  the  delay  time  of  Nbl  atoms  at  6  mm  is  very  close  to  the  one  of  the 
Te2  molecules  of  the  first  population,  extrapolated  at  6  mm  assuming  a  free  expansion  regime. 
This  could  indicate  that  niobium  atoms  loose  kinetic  energy  during  collisional  transfert  with  Te2 
particles  of  the  first  population.  Concerning  the  velocities  of  molecules,  we  noticed  that  the  ratio 
of  the  Tell  velocity  to  the  first  Te2  population  one  is  about  1.4  -  1.45  These  species  have  very 
closed  kinetic  energies  and  are  probably  produced  by  the  same  mechanisms.  We  observed  that 
the  velocity  of  the  second  population  of  Te2  molecules  is  vep^  close  to  the  one  of  Tel  atoms.  We 
can  deduce  that  the  second  population  is  created  by  associative  reactions  from  neutral  tellurium ; 

Tel  +  Tel  ->  Te2. 


4.  CONCLUSION 

Thin  films  properties  depend  strongly  on  the  ablation  process.  The  velocities  of  ablated 
species  were  deduced  from  the  ToF  spectra  delay  time  and  calculated  for  different  fluences.  The 
two  different  populations  of  Te2  molecules  were  related  to  Te  ions  for  the  first  one,  and  to 
association  of  Te  atoms  for  the  second  one.  The  experiments  showed  the  presence  of  collisional 
processes  between  Nbl  particles  and  molecules  of  the  first  population. 
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ABSTRACT 

A  brief  review  of  laser  ablation  mechanisms  and  applications  is  presented.  Topics  covered  include  polymer  ablation,  thin 
film  deposition,  tissue  ablation,  and  chemical  analysis. 

Key  words:  laser  ablation,  polymers,  pulsed  laser  ablation  deposition,  cornea,  chemical  analysis 

1.  INTRODUCTION 

The  use  of  the  term  ablation  to  collectively  describe  phenomena  related  to  material  removal  by  a  pulsed  laser  became 
common  practice  following  Srinivasan's  reports^  of  193  nm  ArF  laser  polymer  ablation  in  1982.  Prior  to  this  much  work 
on  pulsed  laser-materials  interactions  in  an  irradiance  regime  intermediate  to  that  of  industrial  welding,  cutting  and 
drilling  and  high-temperature  plasma  formation  had  been  reported,  but  mainly  restricted  to  longer  wavelengths.  The 
availability  of  commercial,  deep  UV,  excimer  lasers  in  the  1980's  stimulated  intense  activity  on  ablation  which  continues  to 
this  day.  Notable  milestones  include  Srinivasan  and  co-workers  studies  of  polymer^  and  biological  tissue^  and  Dijkkamp  et 
al’s^  demonstration  of  the  suitability  of  ablation-deposition  for  preparing  thin  films  of  the  YBa2Cu307  superconductor. 

In  this  paper  we  will  briefly  review  the  current  understanding  of  ablation  mechanisms  and  the  applications  that  have 
emerged  in  materials  processing  and  analysis.  Background  concepts  related  to  pulsed  laser  interactions  are  first 
introduced,  followed  by  a  brief  overview  of  polymer  ablation,  pulsed  laser  ablation  deposition,  biological  tissue  ablation  and 
the  use  of  ablation  in  analysis. 


2.  ABLATION  MECHANISMS 

In  laser  ablation  the  basic  physical  process  involves  transferring  a  sufficiently  high  energy  loading  to  a  surface  that  a 
shallow  layer  of  the  material  volatilizes.  Interest  may  centre  on  the  removal,  as  would  be  the  case  in  micropatteming  and 
micromachining,  or  on  the  volatilized  materials  itself,  thin  film  deposition  and  chemical  analysis  by  mass  spectroscopy 
being  typical  examples. 

We  propose  here  a  broad  distinction  in  the  ablation  mechanism  according  to  whether  the  material  can  undergo  an 
irreversible  step  leading  to  volatile  products  within  its  volume  or  is  dominated  by  a  surface  vaporisation  mechanism.  For 
polymers  and  probably  certain  biological  materials,  sufficient  free  volume  exists  for  irreversible  volatile  product  formation 
to  occur  within  their  bulk.  In  a  thermal  picture  these  products  would  arise  through  pyrolysis,  the  temperature  rise  induced 
being  sufficiently  large  to  produce  volatile  products  during  the  heating  timescale.  For  short  wavelength  lasers,  where  the 
photon  energy  exceeds  bond  energies,  photochemical  reactions  can  also  be  contributory  or  dominant  (ablative 
photodecomposition^).  In  either  case,  there  will  be  an  apparent  threshold  for  ablation  arising  from  the  need  to  exceed  some 
minimum  volumetric  energy  loading  to  produce  volatile  products  on  the  timescale  of  relevance.  It  can  then  be  reasoned 
that  material  will  be  ablated  to  the  depth  to  which  this  energy  loading  (and  irreversible  product  formation)  occurs. 

In  contrast,  for  a  classical  surface  vaporisation  process  as  would,  for  example,  be  encountered  with  a  metal,  the  surface 
recession  rate  Vs  found  from  kinetic  theory  is"^ 


p  27tRT5 


(1) 


Here  M  is  the  molar  mass,  p  the  vapour  pressure  at  the  surface  temperature  Ts  and  p  the  density.  Equation  1  neglects 
backscattering  and  condensation  which  act  to  reduce  Vs.  The  net  transport  of  material  from  a  surface  in  this  manner  is  an 
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intrinsically  non-equilibrium  thermodynamical  process  and  the  pressure  on  the  surface  can  be  shown  to  be  lower  than 
p(Ts).  Hence  the  material  is  superheated,  ie.  exists  at  a  pressure  lower  than  the  equilibrium  vapour  pressure  at  Tj.  The 
question  then  arises  as  to  whether  heat  loss  from  within  the  bulk  of  the  molten  material  can  occur  through  the  growth  of 
vapour  bubbles,  ie.  boiling.  As  the  nucleation  of  bubbles  from  atomic  scale  voids  within  the  melt  requires  very  large  vapour 
pressures,  boiling  in  the  transient  interaction  is  suppressed  and  surface  vaporisation  dominates  removal.  Under  pulsed, 
high  irradiance,  laser  exposure  the  evaporative  power  flux  can  fall  well  short  of  that  required  to  balance  the  incoming  laser 
flux  and  very  high  temperatures  are  reached,  ultimately  approaching  the  critical  temperature  Tc.  It  has  been  postulated  that 
at  some  maximum  superheating  temperature,  ^c.  the  material  can  no  longer  sustain  tensile  forces  and  explosive 
boiling  takes  place  causing  its  rapid  disassembly^.  This  so  called  'phase  explosion*  marks  the  transition  from  a  surface  to 
volume  removal  process. 

Models  for  target  heating  are  well  developed’  but  the  requisite  optical  and  thermodynamic  properties  are  not  always 
available  over  the  temperature  range  encountered.  A  useful  characterising  parameter  is  the  ratio  of  absorption  length  to 
thermal  diffusion  length  obtaining  over  the  laser  pulse  duration,  x,  given  by  8  =  l/aVOx  where  a  is  the  absorption 
coefficient  and  D  the  thermal  diffusivity. 

For  5  »  1  negligible  heat  flow  occurs  during  the  pulse  and  the  temperature  rise  profile  AT  is: 

AT  =  (l-R)aFe'“/pc  (2) 

where  F  is  the  fluence,  R  the  surface  reflection  coefficient,  p  the  target  density  and  c  its  specific  heat.  This  usually  provides 
a  good  description  for  polymers  and  biological  materials  under  short  pulse  laser  exposure. 

For  5  «  1  heat  flow  dominates  and  in  this  limit  the  surface  temperature  rise  ATs  is: 


where  I  is  the  irradiance  and  k  the  thermal  conductivity.  For  8=1  special  treatment  is  needed  although  analytical  solutions 
are  available  in  complete  [7]  or  approximate  [5]  form  for  rectangular  pulses. 

3.  POLYMER  ABLATION  AND  APPLICATIONS 

The  use  of  short  pulse  lasers,  notably  deep  UV  excimer  devices,  the  ablate  polymers  has  attracted  much  attention  and  effort 
since  Srinivasan's  first  reports  on  this‘.  This  has  been  directed  at  understanding  the  underlying  mechanisms  and  exploiting 
practical  applications  of  the  technique.  Several  detailed  reviews*'*  have  appeared  describing  the  progress  and  developments 
in  this  field  and  only  a  brief  overview  is  wananted  here. 

Polymers  exhibit  a  fairly  well  defined  ablation  threshold  that  corresponds  to  a  volumetric  energy  loading  of  typically 
~  3-5  kJ  cm'*  *.  Threshold  fluences  may  be  as  low  as  a  few  lO's  mJ  cm'*  in  the  ultraviolet  and  show  an  approximately 
inverse  dependence  on  the  absorption  coefficient  at  the  laser  wavelength®. 

Excimer  laser  ablation  can  produce  exceptionally  well  defined  patterning  of  polymers  (Figure  1),  a  feature  attributable  to 
the  high  optical  spatial  resolution  and  strong  polymer  absorption  in  the  UV  (a  can  reach  in  excess  of  10*  cm  *).  On  the 
basis  of  an  absence  of  significant  thermal  damage  it  has  been  argued  that  the  polymer  decomposes  principally  via  direct  UV 
bond  breaking  without  large  temperature  rise  occurring  (ablative  photodecomposition*).  An  alternative  view  is  that  rapid 
elevation  of  the  temperature  promotes  thermal  decomposition  but  confined  to  approximately  the  absorption  depth 
(as  8  »  1,  section  2)  which  can  be  very  small  in  the  UV.  High  absorption,  and  a  concomitantly  low  threshold,  also  brings 
the  advantage  of  low  thermal  loading®  which  minimises  thermal  damage.  The  importance  of  attaining  high  absorption  for 
effective  ablation  has  been  demonstrated  by  particulate  doping  of  polymers  for  IR  lasers*®,  dye  doping  for  visible  lasers** 
and  line  tuning  TEA  CO2  lasers  to  match  IR  bands**.  TEA  CO2  laser-polymer  ablation  exhibits  similar  characteristics  to 
excimers  but  with  higher  thresholds  because  of  the  lower  absorption  (a  =  few  1000  cm'*  cf  10*  cm'*  in  the  UV)  and  poorer 
spatial  resolution  because  of  the  longer  wavelength.  Even  so,  well  defined  features  of  modest  dimensions  can  be 
achieved  (Figure  2). 
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Figure  1  KrF  laser  ablatively  etched  grid  in  free  standing  Figure  2  Via  in  Upilex  polyinude  produced  using  9.2|xm  TEA  CO2 

1 .54m  thick  polyethylene  terephthalate  film.  laser  ablation. 


The  existence  of  a  'threshold'  in  the  (UV  laser)  ablative  photodecomposition  model  can  be  understood  in  terms  of  the  need 
to  break  a  sufficient  density  of  bonds  to  produce  volatile  products  which  are  in  turn  expelled  rapidly  enough  from  the 
surface  to  prevent  bond  'remaking'.  In  a  thermal  picture  a  very  sharp  increase  in  the  formation  of  volatile  products  with 
temperature  T  follows  from  AIrrtenius  decomposition  rates  which  vary  as 

k  =  A  exp  -  Ea/RT  (4) 

Here  A  is  the  frequency  factor  and  Ea  the  activation  energy.  An  apparent  threshold  then  arises  from  the  need  to  attain  a 
sufficiently  large  value  for  k  that  decomposition  can  occur  on  the  time-scale  of  the  heating  phase.  If  this  corresponds  to  a 
temperature  To  then  from  equation  2,  the  depth  to  which  ablation  occurs  can  be  found  as: 


X  = 


(5) 


where  Fj  =  Pc(Td  -  TR)/a(l-R)  is  the  threshold  fluence  and  Tr  the  initial  temperature.  This  familiar  'Beers  Law’  form  for 
ablation  indicates  that  Ft  will  vary  inversely  as  the  absorption  coefficient. 

Equation  5  neglects  the  fact  that  material  undergoing  the  'phase  transition'  to  form  ablation  products  may  have  different 
optical  absorption  to  the  parent  solid.  Taking  this  into  account'^ 


ptt  [  p  Ft  ^ 


(6) 


where  p  =  ot/p  and  Pp  =  otp/pp  are  the  mass  absorption  coefficients  of  the  solid  and  plume  respectively. 

When  the  plume  retains  the  same  mass  absorption  coefficient  as  the  parent  solid  this  reduces  to  equation  5.  If  p  pp  then 
X  -  InF  plots  will  be  non-linear,  curving  upwards  or  downwards  depending  on  whether  the  plume  has  a  lower  or  higher 
mass  absorption  coefficient  (Figure  3).  Changes  in  chemical  composition,  temperature  induced  broadening  and  shifts,  and 
plasma  absorption  are  possible  mechanisms  which  will  lead  to  the  plume  properties  differing  from  those  of  the  solid. 
Without  clear  information  on  these  processes  it  is  difficult  to  draw  definite  conclusions  on  the  ablation  mechanism  simply 
from  etch  rate  curves. 
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Figure  3  Variation  of  normalised  etch  depth,  xa,  with  fluence  for 

various  values  of  the  ratio  of  mass  absorption  coefficients  for  plume  and 
solid. 


The  very  high  heating  rates  attainable  using  lasers  10^^  Ks"^) 
has  recently  been  invoked  to  explain  the  unusual  spectra  of 
decomposition  products  that  appear  in  the  ablation  of  various 
polymers^'^.  Under  rapid  heating  to  high  temperatures, 
decomposition  pathways  involving  high  activation  energies  and 
high  frequency  factors  (equation  4)  can  be  favoured  over  those 
with  lower  activation  energy  that  predominate  in  conventional 
thermolysis.  Lack  of  information  on  high  temperature  (>  1000  K) 
thermolysis  makes  unravelling  photochemical  and  photothermal 
steps  in  ablation  a  non  trivial  task. 

Unhindered  by  an  incomplete  mechanistic  understanding, 
applications  of  laser  polymer  ablation  have  continued  to  develop. 
Notable  examples  include  excimer  laser  drilling  of  vias  in 
polyimide  layers^^  and  multilevel  circuit  boards^^,  catheters  and 
fibres^^  and  hole  drilling  for  ink  jet  nozzles.  Micromachining  for 
optoelectronic  component  fabrication^*,  the  ablative  recording  of 
gratings  on  polymers^^,  surface  modification^  and  cleaning  based 
on  ablation  have  also  been  reported. 


4.  PULSED  LASER  ABLATION  DEPOSITION 

The  use  of  lasers  as  an  evaporation  source  for  thin  film  deposition  has  a  long  history  and  up  to  the  mid  1980’s  there  was  a 
steady  stream  of  work  reported  on  this  topic.  In  1987  Dijkkamp  et  al^  reported  the  successful  application  of  a  KrF  laser  to 
deposit  thin  layers  of  the  high  temperature  superconductor  YBaiCuaOTCYBCO),  initiating  a  major  growth  of  activity  on  the 
use  of  pulsed  laser  ablation  deposition  (PL  AD)  for  film  growth.  PL  AD  has  proved  to  be  extremely  popular  for  the  growth 
of  layers  and  multilayers  of,  principally,  inorganic  materials  and  has  been  the  subject  of  a  detailed  review  by  Beech  and 
Boyd^^ 


In  the  basic  arrangement  a  pulsed  laser  (eg.  excimer,  fundamental  NdiYAG  or  harmonics,  TEA  CO2)  irradiates  the  source 
target  in  vacuo  or  a  low  pressure  gas  at  a  fluence  which  leads  to  volatization  of  the  target  material.  Expelled  material  in 
the  form  of  an  ablation  plume  is  then  directed  to  a  suitable  substrate  where  it  condenses  (Figure  4).  Deposition  rates  are 
usually  <  1  A/pulse  so  that  many  thousands  of  laser  pulses  are  needed  to  grow  micron  thick  films.  Epitaxial,  crystalline 
and  amorphous  layers  and  multilayers  have  been  grown 


in  this  way  by  suitable  choice  of  the  deposition 
conditions. 

Attractive  features  of  PLAD  include:  non  contaminating 
photon  source  and  compatibility  for  use  in  reactive 
atmospheres;  stoichiometric  transfer  from  complex 
multielement  targets;  energetic  neutral  and  ion  species  (cf 
thermal  source);  versatile,  flexible  and  simple.  Against 
these  must  be  set  the  disadvantages  of  the  highly  forward- 
directed  nature  of  the  plume  which  produces  uniform 
coverage  only  over  limited  areas,  and  the  propensity  for 
droplets  to  become  incorporated  in  the  films.  Efforts  to 
understand  and  overcome  these  problems  continue. 


Pulsed  Laser 
(excimer,  YAG,...) 


Target 


Ablation 

Plume 


Heated  Substrate 

Figure  4  Pulsed  laser  ablation  deposition  geometry 


In  the  ablation  of  inorganic  materials  the  concept  of  a 
threshold  fluence  is  widely  used  to  characterise  the 
interaction.  For  materials  exhibiting  a  well  defined 
vapour  pressure-temperature  relationship  this  threshold  is 

largely  a  measure  of  the  fluence  (irradiance)  at  which  sensible  ablation  depths  can  be  determined  by  the  experimentalist.  If 
equation  1  is  integrated  over  the  heating  cycle,  taking  into  account  the  p-T  dependence,  then  some  degree  of  removal  is 
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some  constant,  there  is  a  very  strong  temperature  dependence  and  meaningful  (measurable)  removal  only  occurs  above 
some  relatively  high  temperature.  As  with  polymers  the  ‘threshold’  marks  a  change  to  significant  removal  and  is  not  a 
precise  ‘switching’  point. 

Stoichiometric  transfer  from  target  to  substrate  is  an  appealing  aspect  of  PLAD  and  suggests  a  classical  evaporation  process 
may  not  apply  as  this  would  tend  to  lead  to  non-congruent  evaporation  for  multielement  targets.  Stoichiometric  films  have 
been  grown  from  complex  oxides  using  PLAD,  examples  being  the  high  temperature  superconductors^®  (eg.  YBCO); 
YIG^^  YAG^^;  the  colossal  magneto-resistance  material  La6oCa4oMn02^^;  and  biocompatible  hydroxyapatite, 
Caio(P04)6(OH)2.  This  points  to  the  possibility  that  explosive  removal  (ie.  a  phase  explosion)  occurs  as  outlined  in  section 
2;  being  a  volume  rather  than  surface  vaporisation  process,  this  would  act  to  preserve  stoichiometry^. 

For  materials  which  exhibit  significant  spectral  variation  in  their  absorption  (eg.  glasses,  some  oxides)  it  is  advantageous  to 
woik  at  a  laser  wavelength  where  the  target  exhibits  strong  absorption.  This  not  only  reduces  the  threshold  but  also  the 
extent  of  droplet  incorporation  in  films.  Beam-plume  interactions  are  also  wavelength  dependent  and  with,  for  example, 
long  wavelength  lasers  (eg.  10pm  CO2)  optical  breakdown  in  the  vapour  above  the  surface  may  occur.  High  fractional 
ionisation  and  strong  inverse  bremsstrahlung  absorption  will  then  modify  the  plume  dynamics.  For  UV  lasers,  although 
electron  cascade  breakdown  is  not  expected  at  the  irradiances  used  for  deposition,  a  transition  to  plasma  formation  is 
observed  at  modest  fluence^'^.  The  fractional  ionisation  is  higher  than  expected  from  thermal  (Saha)  ionisation  and  points 
to  the  likelihood  that  excited  state  photoionisation  is  an  important  route  to  charge  species  production  in  the  UV. 

Understanding  the  neutral  and  ion  species  dynamics  abladon  plumes  and  their  influence  on  film  properties  form  an 
important  aspect  of  ongoing  research. 

5.  BIOLOGICAL  TISSUE  ABLATION 

Tissue  ablation  presents  special  problems  in  terms  of  gaining  mechanistic  understanding,  the  composite  nature  (involving 
protein,  free  and  bound  water)  and  heterogeneous  structure  of  tissue  bringing  additional  complexity.  An  interesting  and 
important  application  which  has  emerged  for  the  193  nm  ArF  laser  is  its  use  for  the  removal  of  corneal  tissue^.  Termed 
photorefractive  keratectomy^^  this  technique  uses  the  ArF  laser  for  highly  controllable  removal  of  the  corneal  surface  (at  the 
submiaon  level)  allowing  its  reshaping  to  correct  vision  defects.  Progress  has  been  rapid,  particularly  at  the  technical  and 
clinical  level  although  questions  remain  as  to  the  precise  mechanisms  involved  in  the  ablation  step.  The  status  of  this  work 
has  recently  been  reviewed  by  Pettit  et  al^^. 


6.  ANALYSIS 

Ablation  provides  an  effective  means  of  volatilizing  targets  to  produce  a  ’pulse’  of  products  for  subsequent  analysis  to 
ascertain  their  chemical  composition  or  for  use  in  neutral/ion  beam  experiments^^.  The  ablation  of,  for  example,  films  of 
fullerenes  (Ceo)  has  been  the  subject  of  detailed  study^^.  In  the  technique  of  MALDI  (Matrix  Assisted  Laser  Desorption 
Ionisation)  a  laser  absorbing  semicrystalline  organic  matrix  hosting  a  low  concentration  of  protein  molecules  is  ablated  to 
produce  intact  protein  ions  for  subsequent  analysis  by  mass  spectrometry^^.  The  matrices  (eg.  femilic  acid)  have  low 
ablation  enthalpies  and  high  absoiption  in  the  UV  and  consequently  exhibit  low  thresholds  (Ft  ~  10  mJ  cm’^)  allowing  use 
of  compact  337  nm  N2  laser  sources.  Very  large  proteins  (>  5(X),000  u)  have  been  analysed  in  this  way  and  the  technique 
has  important  applications  in  the  biomedical  sciences. 

7,  CONCLUSIONS 

This  brief,  and  necessarily  restricted,  review  of  laser  ablation  has  attempted  to  provide  a  flavour  of  some  of  the  important 
mechanistic  aspects  of  the  interaction  process  as  well  as  various  applications  which  have  emerged.  As  a  topic  laser  ablation 
is  distinctly  multidisciplinary  with  applicability  in  physics,  chemistry,  engineering  and  the  biomedical  sciences.  Advances 
in  understanding  of  the  basic  processes,  cross-fertilisation  between  different  areas,  and  improving  laser  technology  should 
help  spur  an  increasing  uptake  of  ablation  in  the  scientific  and  industrial  environments  and  stimulate  the  emergence  of  new 
applications. 
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ABSTRACT 

The  polymers  ablation  by  a  Q-s witched  CO2  laser  is  demonstrated  and  compared  with  that  of  the  conventional 
TEA  laser  ablation.  The  20  -  100 m  depth  ablative  etching  of  PET  with  well  defined  edge  were  successfully  obtained 
when  the  strong  absorbed  9R(20)  line  at  1078.57cm' ^ was  irradiated.  It  was  found  the  ablation  characteristics  by  a  Q- 
switched  laser  was  almost  same  as  that  by  a  TEA  laser. 

Keywords:  Q-switched  CO2  laser.  Ablation,  Organic  polymers,  Laser  materials  processing 

1.  INTRODUCTION 

Since  early  works  of  laser  ablation  using  excimer  laser  lot  of  studies  focused  on  its  mechanism  have  been 
reported.  Many  applications  such  as  micro-machining  of  polymers,  surface  cleaning  of  solid  and  superconducting  thin-film 
deposition  are  expected  by  using  a  laser  ablation.  Most  of  organic  polymers  show  the  strong  absorption  in  IR  region  as 
well  as  in  UV  region,  the  pulsed  CO2  laser  can  also  ablate  these  materials  successfully.  In  order  to  avoid  the  thermal 
damage,  a  short  duration  and  high  peak  power  pulse  is  preferable  for  laser  ablation.  Therefore,  TEA  CO2  laser  was  adopted 
for  the  IR  laser  ablation  studies^'^.  Werner  and  Schweizer  reported  the  paint  stripping  of  aircraft  using  commercially 
available  TEA  CO2  laser  of  2kW  average  power^.  Brannon  and  Lankard  studied  the  ablative  etching  of  Polyimide,  which  is 
the  insulating  material  for  micro-electronic  device,  using  a  tunable  TEA  CO2  laser.  They  pointed  out  that  Polyimide  can  be 
etched  clearly  and  precisely  by  selecting  the  proper  CO2  laser  line  at  strong  absorption  band^. 

For  the  industrial  applications  of  the  laser  ablations,  it  requires  a  high  average  power  (pulse  repetition  ftequency 
X  pulse  energy)  pulsed  CO2  laser  in  order  to  ablate  the  large  area  with  high  speed.  However,  the  average  p'^ver  of 
commercial  TEA  CO2  laser  was  limited  up  to  2kW.  On  the  contrary,  a  Q-switched  oscillation  based  on  a  cw  CO2  uisei  has 
great  potential  especially  in  power  scaling  as  well  as  high  beam  quality  and  low  operating  cost.  The  repetition  f  -  laency 
can  easily  reach  over  lOkHz.  Therefore,  a  Q-switched  CO2  laser  is  an  attractive  tool  for  the  industrial  applications  of 
organic  materials  processing,  if  the  laser  ablation  could  be  reahzed  by  a  relatively  long  duration  and  low  peak  power  pulse 
of  a  Q-switched  laser.  From  this  point  of  view,  there  is  a  great  interest  in  the  ablation  characteristics  by  a  Q-switched  laser. 
In  this  report,  the  polymers  ablation  by  Q-switched  CO2  laser  have  been  demonstrated  and  compared  with  that  of  TEA  laser 
ablation. 

2.  EXPERIMENTAL  SETUP 

The  experiment  was  earned  out  by  using  the  grating-tuned  Q-switched  CO2  laser  based  on  a  commercial  cw  CO2 
laser  (Trumpf  TLF2000SP).  The  average  output  power  of  original  cw  laser  system  is  2kW.  The  laser  beam  spatial  mode  is 
TEMoi*  ring  mode  with  diameter  of  18mm.  This  laser  system  was  modified  to  high  peak  and  high  repetition  ftequency 
pulsed  Q-switched  laser  using  the  intense  pulsed  rf  discharge  and  high  speed  mechanical  chopper^ . 

The  Q-switched  laser  pulse  consists  of  an  initial  spike  followed  by  a  low  power  tail.  The  peak  power  of  initial 
spike  is  100  -  300k W  with  250  -  300ns  duration  (FWHM).  The  pulse  tail  is  terminated  by  closing  the  chopper  slit.  The 
duration  of  tail  and  total  pulse  energy,  therefore,  can  be  controlled  by  the  slit  width  and  rotating  speed  of  the  chopper.  The 
Q-switched  laser  ablation  experiment  was  performed  at  5.3  s  duration  and  70mJ  total  energy  at  5kHz.  A  TEA  laser  pulse 
also  consists  of  an  initial  spike  and  a  tail.  The  time  duration  is  shorter  than  that  of  Q-switched  laser.  The  characteristics  of 
the  Q-switched  and  the  TEA  laser  pulse  used  in  ablation  experiments  are  summarized  in  Table  1 . 
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3.  RESULTS  AND  DISCUSSION 

Ablation  characteristics 

The  ablative  etching  experiments  were  carried  out  using  the  thin  film  (20  -  100/^  m)  of  PET  (Polyethylene 
terephthalate),  PP  (Polypropylene)  on  the  metal  plate.  The  IR  absorption  characteristics  was  examined  for  each  polymer 
film.  Fig.  1(a)  and  (b)  are  the  absorption  spectrum  of  PET  and  PP  respectively.  PET  shows  relatively  strong  absorption  in 
CO2  laser  band. 

The  hole  profiles  of  PET  film  ablated  by  Q-switched  and  TEA  laser  pulses  were  shown  in  Fig.2(a),  (b).  The  20  - 
100  fjL  m  depth  holes  with  well  defined  edge  and  without  thermal  damage  were  ablated  successfully  when  the  strong  absorbed 
9R(20)  line  at  1078.57cm-i  was  irradiated.  The  hole  profile  was  apparently  affected  by  the  laser  beam  mode.  It  was  found 
the  etching  quality  was  almost  independent  on  the  laser  pulse  temporal  shape.  These  results  indicate  that  a  Q-switched  laser 
can  successfully  ablate  the  polymers  with  similar  mechanism  as  TEA  laser  ablation  in  spite  of  its  relatively  long  duration 
and  low  peak  pulse. 

Fig.  3  shows  hole  profiles  of  PP  ablation.  10R(18)  line  at  974.61cm'^  was  selected  for  this  experiment.  Although 
PP  shows  relatively  strong  absorption  at  this  line,  the  energy  absorbed  in  polymer  is  much  smaller  than  that  in  case  of 
PET.  As  shown  in  Fig. 3,  the  rim  around  hole  was  observed,  which  is  probably  due  to  the  melting  and  the  internal 
vaporization  because  the  large  part  of  laser  energy  penetrate  the  film. 

The  microscope  photos  of  ablated  edge  are  given  in  Fig.4.  No  thermal  damage  around  the  ablated  area  was 
observed  for  PET  ablation,  where  the  melted  zone  was  observed  for  PP  ablation.  This  is  mainly  attributed  to  the  small 
thermal  conductivity  of  PET  (3.36X  lO'^Cal  sec^  cm-^  K'^)'^.  In  addition,  the  heat  transfer  to  around  area  can  hardly  melt 
the  polymer  due  to  the  relatively  high  melting  point  of  PET  (538  -  544K)^.  Therefore,  PET  is  the  suitable  polymer  for 
sharp  etching  by  a  CO2  laser  ablation. 

Ablation  rate 

The  ablated  depth  per  pulse  (=  ablation  rate)  was  examined  and  compared  with  that  of  TEA  laser  ablation.  Fig. 5 
shows  the  ablation  rate  as  a  function  of  laser  pulse  fluence  [J/cm-]  fora  Q~switched  and  a  TEA  laser,  where  the  laser  line 
was  tuned  at  9R(20)  line.  The  experimental  results  indicate  that  the  ablation  rate  was  almost  same  in  spite  of  the  difference 
of  pulse  temporal  shape.  The  threshold  fluence  was  estimated  O.bJ/cm-,  which  corresponds  to  the  value  obtained  for  the 
other  TEA  laser  experiment  It  is  considered  the  irradiated  laser  line  is  more  predominant  factor  for  PET  ablation  than  the 
pulse  peak  power  or  temporal  duration  of  CO2  laser  pulse. 

Since  the  ablation  rate  of  PET  is  independent  of  the  laser  pulse  temporal  shape,  the  ablation  speed,  which  is 
defined  by  the  ablation  area  per  unit  time,  is  simply  proportional  to  the  average  power  of  a  laser  system.  A  Q-switched 
CO2  laser  has  a  great  advantage  on  this  point.  For  example,  the  ablation  speed  for  10/.^  m  thick  PET  film  by  using  a 
lOkW  average  Q-switch  laser  is  estimated  to  be  900m“/hr.,  where  the  pulse  repetition  frequency  is  20kHz,  the  pulse  energy 
is  500mJ. 


4.  CONCLUSION 

The  ablative  etching  of  polymers  by  a  Q-switched  CO2  laser  was  examined.  The  ablation  rate  and  its  quality  were 
almost  same  as  that  by  a  TEA  laser.  Considering  the  power  scaling  capability,  a  Q-switched  CO2  laser  will  be  an  attractive 
tool  for  the  industrial  applications  of  polymers  ablation  such  as  the  paint  stripping  or  machining  of  the  micro-electronics 
device. 
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Table  1  Laser  pulse  characteristics  of  CO2  lasers  used  in  ablation  experiment. 


WAVENUMBER  [cm’''  ]  WAVENUMBER  [cm'''  ] 

Fig.  1  Absorption  spectrum  of  PET  and  PP. 

(a)  PET  film:  30^  m  thick,  (b)  PP  film:  ISfim  thick. 


(b) 


2  Ablated  hole  profiles  of  PET. 

(a)  Q-switched  laser  ablative  etching, 

(b)  TEA  laser  ablative  etching, 

(c) Laser  beam  intensity  distribution  of  Q-switched  laser. 
Laser  line:  9R(20)  at  1078.57cm-L 


(a)  (b) 


Fig.  3  Ablated  hole  profiles  of  PP. 

(a)  Q-switched  laser  ablative  etching,  (b)  TEA  laser  ablative  etching, 

(c)Laserbeam  intensity  distribution  of  Q-switched  laser.  Laser  line:  10R(18)  at  974.61cm-'. 
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Fig.  4  Microscope  photos  of  ablated  surface  by  Q*switched  laser. 

(a)  PET.  Laser  line:  9R(20)  at  1078.57cm*^  (b)  PP,  Laser  line:  10R(18)  at  974.61cm-L 


Fig.  5  Ablation  rate  of  PET  by  the 
pulsed  CO2  lasers. 

Laser  line:  9R(20)  at  1078.57cm’^ 


0  2  4  6  8  10 

Fluence  [J/cm^] 
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Irradiation  of  fabrics  of  nylon  and  polyethylene  terephthalate  with  short,  frequency  selected  pulses  from  CO 

and  CO2  lasers 
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Melt-spun  fibers  such  as  nylon  and  polyester  offer  many  valuable  features.  They  are  stronger  than 
natural  fibers  such  as  cotton  or  wool,  so  garments  last  longer.  They  provide  superior  wrinkle  resistance  and 
super  wash-and-wear  performance  on  fabrics.  However,  the  aesthetics  of  nylon  and  polyester  fabrics  are 
inferior  to  those  of  cotton  or  wool  fabrics.  The  smoothness  of  melt-spun  fibers  results  in  specular 
reflections  from  the  fiber  surface.  This  specularly  reflected  light  is  white  which  makes  it  more  difficult  or 
impossible  to  achieve  deep,  saturated  shades.  This  effect  is  parncularly  noticeable  when  a  garment  is  worn 
in  highly  directional  light  such  as  direct  sunlight.  In  certain  fabric  constructions,  this  can  lead  to  an 
undesirable  “plastic”  look.  The  smooth  fiber  surfaces  also  resuu  in  a  large  contact  area  with  skin  which  is 
often  perceived  as  a  “plastic”  feel. 

By  contrast,  natural  fibers,  such  as  cotton  or  wool,  have  rough,  scaly  surfaces  which  diffuse  the 
specular  reflections  in  many  directions,  so  they  are  not  perceived.  Their  rough  surfaces  also  have  lower 
contact  areas  with  human  skin  which  results  in  preferred  tactile  aesthetics.  Their  problems  have  been  well 
understood  for  half  a  century  and  there  have  been  many,  many  attempts  to  roughen  melt-spun  fibers;  but 
none  have  proven  commercially  feasible. 

Bossman  and  Schollmeyer  (patent  filed  in  Germany  1985,  US  Patent  No.  5.017.423,  1991) 
discovered  that  irradiating  fabrics  of  nylon  or  polyester  with  short,  intense  pulses  of  UV  light  from  excimer 
lasers  produced  transverse  ridges  on  the  filaments  which  acted  much  like  the  scales  on  wool  to  break  up  the 
directional  specular  reflections  and  simultaneously  reduce  the  contact  area  with  the  skin  to  improve  both  the 
visual  and  tactile  aesthetics  of  the  irradiated  fabrics.  In  our  hands,  about  40  pulses  of  50-100  mJ/cm^  each 
produced  the  best  results.  Both  KrF  (248nm)  and  ArF  (193nm)  are  effective  for  irradiating  polyester;  but 
only  ArF  works  for  nylon.  It  was  clear  from  the  beginning  that  the  intense  pulses  of  UV  light,  typically 
about  20  ns  in  duration,  are  absorbed  in  the  outermost  micrometer  of  the  fiber  which  melts  and  often 
reaches  temperatures  of  greater  than  lOOO^K.  However,  the  detailed  mechanism  by  which  the  transverse 
ridges  are  formed  was  not  understood  in  the  early  years. 

Using  excimer  lasers  in  DuPont’s  laboratories  in  Wilmington,  we  showed  that  a  wide  variety  of 
nylon  and  polyester  fabrics  can  be  successfully  irradiated  to  produce  fabrics  which  combine  the  attractive 
visual  and  tactile  aesthetics  of  cotton  or  wool  fabrics  with  the  durability,  wrinkle  resistance,  and  wash-and- 
wear  performance  of  fabrics  of  100  percent  nylon  or  polyester.  Extensive  wear  tests  in  such  demanding  end 
uses  as  bicycle  pants  proved  that  the  desired  aesthetic  improvements  were  retained  in  use. 

Nevertheless,  we  were  dubious  about  the  feasibility  of  using  this  technology  on  a  commercial 
scale.  Excimer  lasers  have  proven  to  be  difficult  to  scale  up  to  more  than  a  few  hundred  watt,  not  enough 
for  a  commercial  finishing  line.  Moreover,  they  are  difficult  to  maintain,  especially  if  operated  with  ArF. 
Fortunately,  nylon  and  polyester  have  one  or  more  strong  absorption  band(s)  in  the  infrared.  The  CO  laser 
can  be  tuned  to  the  absorption  band  of  the  carbonyl  group  in  these  two  polymers  which  occurs  at  6.106 
micrometer  for  nylon  and  5.817  micrometer  for  polyester.  In  addition,  polyester  has  a  strong  absorption 
band  at  the  wavelength  of  the  9P48  line  of  the  CO2  laser  at  9.15  micrometer. 

Initial  efforts  to  use  IR  radiation  to  surface  texture  nylon  and  polyester  fibers  proved  frustrating 
because  we  did  not  understand  the  mechanism  by  which  the  surface  textures  is  formed.  To  cut  a  long  story 
short,  the  transverse  ridges  on  the  fibers  form  only  if  two  conditions  are  met:  the  fibers  are  highly  oriented; 
and  the  intensity  of  the  radiation  field  varies  spatially  over  distances  of  a  few  micrometers.  While  we  did 
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not  know  it  at  the  time,  such  short-range  intensity  fluctuations  are  characteristic  of  most  excimer  lasers;  but 
rare  in  most  other  types  of  lasers.  We  obtained  our  first  success  with  a  TEA  CO2  laser  in  1991  by 
removing  the  apertures  from  the  laser  cavity  and  producing  a  chaotic,  multi-mode  discharge  similar  to  that 
in  an  excimer  laser. 

From  that,  it  was  a  simple  step  to  set-up  interference  patterns  by  splitting  and  recombining  laser 
beams.  With  excimer  lasers,  this  resulted  in  a  reduction  of  the  number  of  pulses  required  to  produce  the 
desired  transverse  ridge  structure  by  an  order  of  magnitude  from  40  to  just  4  pulses. 

Figure  1  shows  an  unirradiated  polyester  fabric:  the  filaments  are  seen  to  be  very  smooth.  Figure 
2  shows  nylon  and  polyester  fabrics  irradiated  with  an  ArF  laser.  Figure  3  shows  polyester  fabrics  irradiated 
with  two  interfering  beams  at  the  wavelength  of  the  9P48  line  of  the  CO2  TEA  laser.  Figure  4  shows  a 
polyester  filament  irradiated  with  single  200  mJ/cm^  pulse  of  the  9P48  line. 


Fig.  1  unirradiated  polyester  fabric 


Fig.  2  nylon  and  polyester  fabric  irradiated  by  ArF  Laser 
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Fig.  3  polyester  fabric  irradiated  by  two  interfering  C02  TEA  Laser  beams 
of  9.15  micrometer  wavelength  (9P48  line) 


Fig.  4  polyester  fabric  irradiated  by  a  single  200  mJ/cm^2  pulse  of  9.15 
micrometer  wavelength 


Micromachining  with  Copper  Lasers 


M.  Knowles,  A  Bell,  G  Foster-Tumer,  G  Rutterford,  J.  Chudzicki,  A  Kearsley 
Oxford  Lasers  Ltd.,  Abingdon  Science  Park,  Abingdon,  0X14  3YR,  U.K 


ABSTRACT 

In  recent  years  the  copper  laser  has  undergone  extensive  development  and  has  emerged  as  a  leading  and  unique 
laser  for  micromachining.  The  copper  laser  is  a  high  average  power  (10  -  250W),  high  pulse  repetition  rate  (2  -  32 
kHz),  visible  laser  (51  Inm  &  578nm)  that  produces  high  peak  power  (typically  200k W),  short  pulses  (30ns)  and  very 
good  beam  quahty  (diffraction  limited).  This  unique  set  of  laser  parameters  results  in  exceptional  micro-machining  in 
a  wide  variety  of  materials.  Typical  examples  of  the  capabilities  of  the  copper  laser  include  the  drilling  of  small  holes 
(10  -  200|jm  diameter)  in  materials  as  diverse  as  steel,  ceramic,  diamond  and  polyimide  with  micron  precision  and 
low  taper  (<1^)  cutting  and  profiling  of  diamond.  Application  of  the  copper  laser  covers  the  electronic,  aerospace, 
automotive,  nuclear,  medical  and  precision  engineering  industries. 

Keywords:  micromachining,  lasers,  copper  vapour  lasers,  laser  ^sterns,  hole  drilling,  cutting,  etching 


2.  RECENT  DEVELOPMENTS  IN  COPPER  LASERS 

Whilst  the  copper  laser  has  existed  for  thirty  years,  it  is  only  in  the  last  five  years  that  it  has  been  used  for 
micromachining.  Prior  to  this  the  beam  quality  of  the  lasers  had  been  unsuitable.  However,  as  a  result  of  internal 
investment  as  well  as  co-operative  programs  such  as  Eureka  and  Brite-Euram,  Oxford  Lasers  has  developed  a  range  of 
lasers  and  laser  systems  for  micro-machining.  In  addition  to  this,  in  partnership  with  end-users  we  have  developed 
many  processing  techniques  and  applications. 

In  terms  of  laser  performance  recent  notable  developments  include  industrial  grade  laser  tubes,  extended 
thyratron  lifetime,  feedback  stabilized  output  power,  diffraction-limited  beam  divergence.  For  example,  the  power 
stabilization  locks  the  output  power  of  the  laser  to  within  0.5%  of  a  user  defined  level.  The  latest  resonator  designs 
produce  diffraction  limited  beams  (about  50|irads  for  a  typical  copper  laser).  Thus  focused  spot  sizes  of  a  few  microns 
can  be  readily  achieved.  The  high  optical  quality  of  a  copper  laser  amplifier  enables  the  oscillator  beam  to  be 
efficiently  amplified  to  several  hundred  watts  average  power  without  significant  degradation  of  the  beam  divergence. 
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Whilst  laser  development  has  been  important  in  improving  the  fimdamental  processing  performance,  the 
integration  of  the  laser  into  a  machining  system  is  of  equal  importance.  The  approach  taken  by  Oxford  Lasers  is  first 
to  develop  systems  for  use  in-house  and  for  our  contract  manufacturing  service.  This  enables  designs  to  be  evaluated 
under  realistic  circumstances  before  offering  the  system  on  the  market.  Typical  features  include  high  magnification 
CCD  camera  for  alignment  and  monitoring  of  the  machining  process,  programmable  laser  exposure  and  high  precision 
CNC  systems.  Early  adopters  of  copper  laser  systems  have  been  in  the  automotive  and  electronics  industries. 


3,  DESCRIPTION  OF  MACfflNING  PROCESS 

The  material-removal  mechanism  is  a  complex  process  which  depends  on  laser  and  material  characteristics 
such  as  the  absorption  of  the  material,  thermal  properties,  laser  intensity,  pulse  width  and  average  power.  However, 
the  material  removal  process  with  copper  lasers  can  be  generalized  as  ablative,  that  is,  rapid  surface  vapourization. 
This  ablative  material  removal  assures  a  controllable  effect  with  negligible  heat  affected  zone. 


4.  BENEFITS  OF  COPPER  LASERS  FOR  MICROMACfflNING 

The  Copper  Laser  parameters  have  enabled  it  to  add  a  totally  new  capability  to  the  field  of  micromachining. 
4.1  Wavelength 

In  ladiation/material  interaction  the  laser  wavelength  determines  the  type  and  degree  of  interaction.  The 
reflectivity  of  many  metals  in  the  infra-red  is  typically  >  90%  and  in  some  cases  >  98%.  At  the  copper  laser 
wavelengths  the  reflectivity  is  typicaUy  50  -  60%,  In  contrast  with  other  laser  types,  most  of  the  material  is  ejected 
on  the  irradiated  side  at  high  velocities.  This  ejection  of  the  material  results  from  the  sudden  increase  in  pressure  at 
the  irradiation  point  from  the  very  rapid  heat  input.  The  direction  of  ejection  is  away  from  the  irradiated  zone  and  the 
cone  angle  is  quite  narrow  (this  is  important  if  material  is  to  be  ejected  from  the  bottom  of  a  very  deep  but  narrow 
cut  or  hole).  Thus  it  is  not  necessary  to  penetrate  the  material  first  before  efficient  cutting  can  commence. 

4*2  Pulsewidth 

The  short  pulsewidth  of  the  CVL  is  advantageous  in  reducing  heat  affected  zone.  If  the  material  is  to  be 
removed  via  evaporation  or  explosive  melt  ejection  then  it  is  necessary  to  create  extremely  high  temperature 
gradients.  High  temperature  gradients  around  the  irradiated  zone  keeps  the  total  heat  absorption  of  the  component 
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very  low.  At  the  same  time  it  creates  a  very  distinct  and  narrow  barrier  between  the  irradiated  zone  and  the 
surrounding  material.  Thus  the  layer  of  material  which  melts  but  is  not  explosively  ejected  (recast  layer)  is  very  thin. 

4.3  Repetition  Rate 

In  many  applications  the  repetition  rate  and  average  power  of  the  laser  determines  the  rate  of  material 
removal  and  therefore  the  process  speed.  The  copper  laser  has  the  highest  average  power  and  pulse  repetition 
frequency  product  of  any  visible  or  UV  laser.  When  a  low  pulse  energy  is  required  to  avoid  an  extended  heat  affected 
zone  then  it  is  clear  that  a  high  repetition  rate  laser  is  necessary  to  achieve  a  good  process  speed. 

4.4  Beam  Quality 

The  minimum  size  that  a  laser  beam  may  be  focused  to  is  determined  by  its  wavelength  and  the  beam 
quality.  The  copper  laser  has  significant  advantages  over  CO2,  and  Nd:YAG  lasers  in  terms  of  the  minimum  spot 
size  to  which  it  may  be  focused  as  a  result  of  its  shorter  wavelength.  Copper  lasers  are  commercially  available  in 
configurations  with  powers  exceeding  lOOW  with  a  large  roportion  of  that  power  within  the  diffraction  limit.  Recent 
laboratory  developments  on  copper  laser  resonators  have  increased  the  power  within  the  diffraction  limit  to  almost 
100%.  These  resonators  are  now  being  used  on  Oxford  Lasers  products. 


5.  TYPICAL  MICROMACHINING  RESULTS 

The  copper  laser  produces  excellent  micro-machining  results  in  a  wide  range  of  materials  including  metals,  ceramics, 
metal-matrix-ceramics,  diamond,  glass,  silicon,  superconductors,  composite  fibre  materials  and  polyimides. 

5.1  Hole  Drilling 

The  high  peak  power,  good  beam  quality  and  short  wavelength  enables  high  precision  drilling  in  metals  and 
non-metals.  The  ablative  nature  of  the  material  removal  and  low  pulse  energy  permits  drilling  of  small  diameter 
through  and  blind-holes.  The  copper  laser  is  capable  of  drilling  holes  as  small  as  a  few  microns  and  as  large  as 
several  hundred  microns,  larger  holes  are  formed  by  CNC  trepanning.  The  high  coupling  of  the  copper  laser  radiation 
into  most  materials  enables  the  drilling  of  holes  at  an  angle  to  the  surface.  Holes  have  been  drilled  at  angles  of  10^ 

-  90^  to  the  surface.  Angled  holes  are  used  in  the  aerospace  industry  to  improve  the  cooling  of  components. 
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5.2  Cutting  and  Profiling 


The  same  properties  that  enable  the  copper  laser  to  perform  high  precision  drilling  also  facilitate  high 
precision  cutting  and  profiling.  Kerf  widths  are  typically  in  the  range  of  5  -  100  pm.  One  example  of  the  difficult 
processes  that  have  been  successfully  addressed  is  the  cutting  of  15pm  wide,  800  pm  deep,  blind  slots  in  stainless 
steel.  Ceramics  are  cut  with  speed  and  precisioa  The  ablative  processing  of  the  copper  laser  results  in  a  complete 
absence  of  glassification.  SiUcon  shows  strong  absorption  of  copper  laser  radiation  and  this  enables  high  precision 
cutting  and  drilling  at  speeds  of  up  to  10  times  higher  than  competing  laser  technologies.  For  example,  accurate  125 
pm  diameter  holes  have  been  drilled  through  1.75  mm  thick  silicon  at  a  rate  of  10  holes  per  minute.  Recent  work  in 
CVD  diamond  has  resulted  in  high  precision  cutting  with  taper  angles  less  than  0.5°.  Profiled  diamond  components 
are  used  in  the  electronics  and  tool-making  industries. 


Fig.  1.  Example  of  a  150  pm  diameter  hole  drilled  through  1mm  thick  stainless  steel  by  a  Copper  Laser. 
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Fig.  2.  Low  taper,  narrow  kerf  cutting  of  CVD  diamond. 


6,  CONCLUSIONS 


The  copper  laser  is  an  emerging  tool  in  micromachining.  It  demonstrates  clear  advantages  over  other  processes  in 
certain  applications  which  have  been  addressed  by  the  early  adopters  of  this  technology.  The  benefits  of  this  laser 
seem  to  be  especially  applicable  to  small  hole  drilling  and  high  precision  cutting  although  as  research  continues  new 
applications  are  being  discovered. 


Excimer  Laser  Beam  Shaping  and  Material  Processing  using  Diffractive  Optics. 

S.W.Williams,  P.J.Marsden,  N.C.Roberts,  J.Sidhu  and  M.A.Venables 

British  Aerospace,  Sowerby  Research  Centre 
FPC  267,  PO  Box  5  Filton,  Bristol  BS12  7QW 

Abstract 

Diffractive  optical  systems  have  been  developed  to  allow  high  efficiency  material  processing  using  excimer  lasers.  These 
systems  allow  beam  homogenising  and  shaping  for  surface  treatment  and  parallel  focusing  for  multiple  hole  drilling.  Beam 
utilisation  factors  of  80%  have  been  achieved. 

(Excimer  lasers,  beam  shaping,  diffractive  optics,  drilling,  surface  treatment) 

1  Introduction 

With  the  advent  of  higher  power  excimer  lasers  new  applications  are  becoming  possible.  Examples  in  the  aerospace 
industry  are  manufacturing  of  porous  panels  (PP)  for  hybrid  laminar  flow  control  systems,  drilling  of  carbon  fibre 
composite  (CFC)  for  acoustic  damping  panels  and  various  surface  treatments  for  bonding  applications.  However  all  of 
these  applications  require  the  processing  of  large  areas  (typically  several  square  metres)  so  that  highly  efficient  beam 
delivery  systems  are  required.  We  have  been  investigating  the  use  of  diffractive  optical  elements  (DDEs)  for  these 
delivery  systems  and  have  been  testing  them  for  the  applications  described. 

2  Diffractive  Optical  Elements 

For  drilling  of  PPs  the  most  appropriate  DOE  is  a  microlens  arrays  (MLA).  The  requirements  of  the  MLA  are  a  high  fill 
factor  to  maximise  the  efficiency,  long  focal  lengths  for  the  correct  processing  conditions,  good  UV  transparency  and  a 
high  damage  threshold.  Square  or  hexagonal  multilevel  diffractive  lenses  manufactured  in  fused  silica  satisfy  these 
requirements.  For  beam  shaping  and  homogenising  these  MLAs  have  been  evaluated  directly.  For  drilling  the  acoustic 
dampers  special  arrays  producing  ring  foci  have  been  produced.  The  DOEs  are  computer  designed  and  then  reactive  ion 
etched  using  photolithographic  patterning.  Substrates  are  generally  3mm  thick  and  can  be  etched  uniformly  over  an  area 
with  a  diameter  of  about  50mm,  sufficient  to  accommodate  the  beam  size  from  most  excimer  lasers.  Because  of  the  short 
wavelength  of  the  excimer  laser  etch  depths  are  small,  typically  314nm,  but  can  be  controlled  to  better  than  3%  accuracy 
(<10nm).  If  necessary  AR  coatings  are  applied  to  the  flat  side  of  the  elements. 

3  Multiple  Hole  Drilling  Using  Micro  Lens  Arrays. 

The  PP  specification  is  currently  40-60|im  diameter  holes  with  1-2%  sheet  porosity  in  1mm  thick  titanium.  Other 
materials  such  as  aluminium  and  CFC  are  also  of  interest.  The  design  of  the  MLA  needs  to  be  such  that  it  optimises  the 
drilling  rate,  achieves  the  correct  hole  profile  and  does  not  exceed  the  maximum  diffraction  angle.  This  means  finding 
the  optimum  lens  aperture  and  focal  length  for  a  specific  laser  source  and  material.  Larger  apertures  give  higher  etch  rates 
but  there  are  less  lens  elements  illuminated.  Similarly  shorter  focal  lengths  provide  higher  rates  but  the  aperture  size  is 
limited  by  the  diffraction  angle  and  short  focal  lengths  can  adversely  affect  the  exit  hole  diameter  for  thick  materials. 

To  define  the  lens  array  requirements  studies  of  the  metal  drilling  process  were  made  using  conventional  imaging 
techniques*.  These  studies  showed  that  two  regimes  were  present  for  drilling  metals,  vapourisation  and  melt  expulsion 
(ME).  In  the  vapourisation  regime  etch  depths/pulse  are  <0.1|am  but  in  the  ME  regime  etch  rates  were  >lpm  per  pulse 
for  titanium.  The  transition  from  vapourisation  to  ME  is  dependent  upon  the  depth  of  the  hole  but  is  usually  in  the  range 
20-50J/cml  In  the  ME  regime  etch  rates  depend  on  the  image  size  at  constant  fluence  which  indicates  the  complex  nature 
of  the  melt  expulsion  process'.  To  study  higher  fluences  focal  plane  drilling  was  studied.  The  etch  rates  were  investigated 
as  a  function  of  the  pulse  energy  to  simulate  the  effect  of  changing  the  lens  size  in  the  MLA.  The  etch  rates  that  were 
obtained  under  various  conditions  are  shown  in  Table  1  for  a  pulse  energy  of  about  5mJ. 
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Table  1.  Etch  rates  for  various  materials.  Figure  1.  Etch  Rates  for  CFC.  Figure  2.  Schematic  hole  profile. 


The  beneficial  effects  of  the  helium  environmental  gas  and,  in  particular,  the  extended  pulse  lengths  are  clear  and  are 
associated  with  a  reduction  in  plasma  screening.  The  significant  difference  in  etch  rates  for  the  two  aluminium  alloys  may 
be  due  to  thermal  or  plasma  effects.  In  all  cases  average  fluences  in  the  focal  spots  are  estimated  to  be  in  the  range  200- 
400J/cm^  with  peak  fluences  even  higher.  To  achieve  the  maximum  etch  rates  it  is  usually  necessary  to  focus  below  the 
surface  of  the  sample  to  reduce  the  plasma  absorption  effects.  These  experiments  have  revealed  a  new  processing  regime 
for  CFC  with  increased  etch  rates  as  shown  in  Figure  1.  At  pulse  energies  above  3-4mJ  the  etch  rate  starts  increasing 
dramatically  up  to  15|im/pulse  at  an  energy  input  of  20mJ.  The  lines  indicate  logarithmic  etch  rate  dependencies  for  the 
two  material  removal  mechanisms,  they  are  based  upon  Beer  law  type  absorption.  The  high  etch  rate  regime  may  have 
application,  particularly  in  cutting  of  CFC.  Previously  reported  non  metals  ablation  rates  have  saturated  at  about  1- 
2|im/pulse,  however  we  are  using  much  higher  fluences  or  intensities  (estimated  at  >lkJ/cm^  and  10‘'-10'^'W\cm^ 
respectively).  The  high  etch  rates  could  be  derived  either  from  a  plasma  etching  or  shock  wave  interaction  mechanisms. 

In  addition  to  the  process  rate  optimisation  it  is  important  to  control  the  hole  profile,  both  in  the  actual  dimensions  and 
in  the  variations  across  an  array  produced  by  the  MLA.  A  typical  hole  profile  produced  by  this  process  is  schematically 
illustrated  in  Figure  2.  Entrance  hole  diameters  are  in  the  range  60-120|am  and  are  elliptical  if  the  input  beam  has  unequal 
divergences.  The  exit  hole  is  always  circular  for  metals.  Figure  3  shows  the  effect  of  the  laser  pulse  energy  on  the  exit 
hole  diameter  for  titanium  metal.  It  can  be  seen  that  hole  diameters  in  the  region  of  10-60pm  can  be  produced  with  a  high 
degree  of  control.  The  pulse  energy  was  varied  by  inserting  an  attenuator  in  the  beam  so  that  the  optical  set  up  was 
constant.  Hence  the  hole  diameter  is  being  controlled  by  the  melt  expulsion  process  and  not  by  the  optical  arrangement. 
For  lens  focal  lengths  in  the  range  80-200mm  the  hole  diameter  is  independent  of  the  optical  arrangement.  If  larger  hole 
diameters  are  required  then  these  can  be  achieved  by  locally  heating  the  metal  using  electromagnetic  induction.  Figure 
4  shows  that  for  an  input  pulse  energy  of  4.2mJ  the  hole  diameter  can  be  increased  from  <40pm  obtained  at  room 
temperature  to  >80|am  using  external  heating.  Similar  results  have  been  obtained  with  Nd-YAG  drilling. 


Energy  per  Hole  (mJ)  Relative  Temperature  (C)  Relative  Focal  Position  (mm). 


Figure  3.  Ti  exit  hole  diameter  as  Figure  4.A1  exit  hole  diameter  as  a  Figure  5.Ti  exit  and  entrance  hole 

a  function  of  pulse  energy.  function  of  substrate  temperature.  diameters  as  function  of  focal  position. 
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Several  MLAs  were  designed,  built  and  tested  with  a  variety  of  lasers  sources.  The  MLA  is  inserted  directly  into  the  laser 
output  beam  and  the  sample  placed  at  the  focus.  The  MLAs  allowed  up  to  120  holes  to  be  drilled  simultaneously 
(depending  on  the  laser  pulse  energy  and  lens  aperture).  A  major  advantage  of  this  system  is  that  because  of  the  high 
f-numbers  of  the  lenses  (typically  50)  the  depth  of  field  for  the  MLA  is  large  as  illustrated  in  Figure  5.  The  main  problem 
associated  in  using  the  MLAs  is  in  the  non  uniform  laser  beam  profile  and  in  matching  the  lens  apertures  such  that  the 
lenses  on  the  outside  are  fully  filled  by  the  beam.  This  can  lead  to  variations  in  hole  diameter  and  drilling  times  across 
the  array.  If  the  beam  profile  is  constant  then  this  can  be  allowed  for  by  using  lenses  with  different  apertures  across  the 
array  but  an  MLA  needs  to  be  matched  to  a  particular  laser  and  delivery  system  for  maximum  efficiency.  Tests  have  been 
carried  out  using  a  high  power  laser  (450mJ  @  500Hz)  with  no  adverse  effects.  Drilling  rates  up  to  1  and  4 
holes/secAVatt  for  1mm  thick  titanium  and  aluminium  respectively  are  possible.  Comparisons  of  the  excimer  laser  drilling 
process  with  the  conventional  one  of  Nd-YAG  laser  drilling  for  the  production  of  porous  panels  have  been  madel  The 
excimer  process  has  some  significant  potential  advantages  but,  currently,  at  increased  cost. 

4  Large  Hole  Machining. 

For  acoustic  dampers  holes  with  a  diameters  in  the  range  0.25- 1mm  and  a  pitch  of  a  few  mm  are  required  in  1mm  thick 
CFC.  Using  imaging  techniques  leads  to  long  process  times  so  we  have  investigated  two  techniques.  The  first  is  to  use 
the  MLAs  described  above  but  rotating  the  sample  or  MLA  such  that  the  array  of  spots  trepan  out  the  holes.  Using  this 
technique  process  rates  of  0.5holes/minuteAVatt  are  possible  for  1mm  hole  sizes.  The  rate  varies  linearly  with  the 
circumference  of  the  hole.  The  other  technique  uses  specially  designed  DOEs  which  comprise  elements  that  produce 
focused  rings  instead  of  spots  .  When  processing  CFC  with  excimer  lasers  wall  angles  will  develop,  the  size  of  which 
is  in  inverse  proportion  to  the  incident  fluencel  Hence  the  design  of  these  elements  has  to  be  optimised  with  respect  to 
focal  length  and  aperture  to  ensure  the  ring  will  penetrate  and  also  to  maximise  the  number  of  illuminated  elements. 
Figure  6  shows  the  profile  provided  by  an  element  which  is  producing  a  ring  with  a  diameter  of  1mm.  It  can  be  seen  that 
the  ring  has  a  half  width  of  about  50pm.  Figure  7  shows  a  multiple  array  of  250pm  ring  foci.  Process  rates  for  this  type 
of  system  are  about  twice  those  of  MLA  trepanned  holes  but  they  are  less  flexible. 


Figure  6.  Profile  of  ring  focus  element  with  a  diameter  of  1mm 


Figure  7.  Profile  of  multiple  ring  focus  elements. 
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5  Diffractive  Micro  Lens  Arrays  As  Beam  Homogenizers. 


Combining  an  MLA  with  a  conventional  refractive  lens  produces  a  beam  homogeniser  and  shaper,  the  homogenised  plane 
being  near  the  focus  of  the  refractive  lens"^.  In  the  homogenised  plane  the  intensity  is  the  superposition  of  three  effects. 
Geometrically  the  beam  takes  the  shape  of  the  individual  microlenses  with  the  size  being  given  by  Whp=WmlaxFrl^mla 
where  W^la  is  the  width  of  the  MLA  elements,  F^laIS  the  focal  length  of  the  MLA  elements  and  Frl  is  the  focal  length 
of  the  refracting  lens.  By  altering  these  parameters  a  variety  of  beam  shapes  and  sizes  can  be  obtained.  The  second  effect 
is  that  the  actual  shapes  are  modulated  by  the  Fresnel  diffraction  patterns  at  the  edges.  The  third  effect  is  multiple  beam 
interference  caused  by  the  overlapping  of  the  beams  from  individual  lenses.  These  effects  are  illustrated  by  the  intensity 
profile  shown  in  Figure  8a.  This  shows  the  square  beam  shape  provided  by  the  square  lenses,  the  Fresnel  diffraction 
pattern  superimposed  on  that  and  the  high  frequency  modulation  due  to  the  interference.  By  increasing  the  lens  element 
size  the  high  frequency  modulation  is  lost,  as  shown  in  Figure  8b  for  hexagonal  lenses.  The  central  spike  is  due  to  a  DC 
component  arising  from  etching  errors.  This  can  be  reduced  by  moving  slightly  away  from  the  focus  of  the  lens,  this  also 
reduces  interference  and  diffraction  effects  (with  the  penalty  of  slightly  reduced  edge  definition/.  Obscuring  part  of  the 
beam  across  the  diagonal  only  has  the  effect  of  a  general  lowering  of  the  overall  fluence  without  significant  changes  to 
the  homogenised  profile  as  shown  in  Figure  8c.  The  MLAs  are  useful  as  beam  shaping  elements  for  surface  treatment, 
for  homogenising  beams  produced  from  unstable  resonators  with  poor  near  field  profiles  and  for  correcting  motion  errors 
in  moving  beam  gantry  systems. 


a)0.6nim  square 
lens  array. 


b)2.1mm 
hexagonal  lens 
array 


Input 


Output 


c)2.1mm 
hexagonal  lens 
array  -  masked 
input  beam. 


Figure  8.  Beam  profiles  obtained  using  the  MLAs  as  homogenising  elements 
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ABSTRACT 

A  high  power  pulse  CO  laser  operating  at  room  temperature  has  been  developed  using  the  modulated  pulse  RF 
discharge  excitation  technique.  The  fast  pulse  response  and  the  good  reproducible  of  laser  pulse  were  obtained  for  pulse 
frequency  up  to  1  kHz  with  a  stable  and  homogenous  discharge.  A  maximum  peak  power  of  920  W  with  a  pulse  width  of 
1.0  ms  FWHM  has  been  attained  by  the  optimizing  N2  and  CO  concentration. 

Keywords:  CO  laser,  pulse  characteristics,  room  temperature  operation,  RF  discharge  excitation 

1.  INTRODUCTION 

It  is  well  known  that  CO  laser  has  the  potential  for  providing  high  output  power  and  high  electric  conversion 
efficiency  at  wavelength  of  5  pm  band.  The  higher  absorption  coefficient  for  metals  and  smaller  focus  diameter  caused  by 
the  difference  of  wavelength  have  resulted  in  superiority  of  CO  laser  to  CO2  laser  in  the  field  of  the  material  processing, 
such  as  high  speed  sheet  metal  cutting,’  aluminum  welding^  and  surface  treatment.^ 

Recently,  radio  frequency  discharge  excited  CO  laser  at  kilowatt  output  power  level  has  been  developed  under  room 
temperature  operation.  Sato  et  al.'’  have  reported  fast-axial-flow  apparatus  with  Xe  gas  addition.  We  attained  1  kW 
output  power  with  13.3  %  conversion  efficiency  on  a  transverse  flow  RF  discharge  excited  CO  laser  operating  at  room 
temperature  without  Xe  gas  addition.^'®  Moreover,  we  improved  the  beam  quality  and  demonstrated  the  output  power 
stabilization. 

The  objective  of  this  work  is  to  study  the  pulse  characteristics  of  room  temperature  operating  CO  laser  in  order  to 
develop  a  control  technique  for  the  adjustment  of  output  power  during  the  material  processing.  Especially,  cutting  of 
sharp  edge  and  hardening  of  the  edge  required  at  higher  pulse  frequency  regulation  of  the  average  laser  power  while 
keeping  the  higlier  peak  power  high  by  controlling  the  duty  cycle.  Deep  penetration  welding  with  narrow  bead  width 
required  higher  peak  pulse  operation.  In  case  of  CO  laser,  due  to  a  cascade  laser  oscillation  mechanism,  the  population 
inversion  is  formed  slowly  by  the  vibration  to  vibration  energy  exchange.  So  that  it  should  be  necessary  for  the  industrial 
applications  to  improve  the  pulse  response  time  faster.  In  this  paper,  the  experimental  results  of  pulse  modulation  with  RF 
discharge  excited  CO  laser  under  room  temperature  operating  has  been  reported.  The  pulse  performance  has  been 
experimentally  investigated  under  various  operating  conditions. 

2.  EXPERIMENTAL  SET-UP 

The  laser  system  was  based  on  a  transverse  flow  RF  discharge  excited  CW  CO  laser.  ^  The  experimental  apparatus 
shows  in  Fig.  1.  The  optimum  gas  mixture  for  CW  operation  was  made  up  of  He,  N2,  CO  and  O2  in  the  ratio  of  78.8  / 16 
/  5  /  0.2  without  Xe  gas  additions.  The  laser  gas  was  circulated  at  around  30  m/s  under  typical  operating  conditions  (80 
hPa  gas  pressure,  290  K  entrance  gas  temperature)  by  two  axial  blowers.  CO2  molecules  were  produced  by  the  discharge 
induced  plasma-chemical  reaction  during  laser  operation.  A  molecular  sieve  was  installed  in  the  flow  loop,  in  order  to 
trap  CO2  molecules  and  stabilize  the  output  power.^  The  loss  of  CO  and  O2  due  to  the  CO2  formation  was  compensated 
by  replacing  the  laser  gas  at  a  exchange  rate  of  5  1/min. 
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Fig.  1  Schematic  diagram  of  RF  excited  CO  laser. 


The  discharge  section  consisted  of  dielectric 
plates  (Al203)separated  by  a  40  mm  discharge  gap  and 
had  392  cm^  discharge  volume.  The  RF  discharge 
input  power  was  supplied  from  10  kW,  13.56  MHz 
RF  generator,  via  an  LC  impedance  matching  network 
which  was  adjusted  to  minimize  the  reflective  RF 
power.  Modulated  pulse  RF  excitation  is  applied  to 
gate  continuous  RF  discharge,  where  the  peak  value  of 
pulse  RF  discharge  input  was  almost  same  as  that  of 
CW  operation.  The  pulse  frequency  can  be  varied 
form  CW  to  10  kHz  and  the  duty  cycle  is  adjusted 
from  0  to  100%.  On  all  experiments  described  here, 
the  peak  discharge  input  was  5  kW  and  the  duty  cycle 


was  50  %,  which  corresponded  to  the  average  discharge  input  of  2.5  kW  and  the  average  input  power  density  of  6.4  W/ 
cm^.  The  stable  optical  resonator  was  made  up  of  a  20  m  concave  Si  mirror  and  a  plane  ZeSe  output  coupler  with  98  % 
reflectivity,  where  an  effective  diameter  was  50  mm. 


3.  RESULTS  AND  DISCUSSION 

Figure  2  shows  shape  of  the  discharge  pulse  and  the  laser  pulse  for  various  pulse  frequency,  operating  at  a  gas 
pressure  of  80  hPa  and  a  gas  temperature  of  290  K.  The  average  laser  power  and  the  laser  pulse  shape  was  measured  by  a 
Coherent  Labmaster  with  sensor  head  of  LM-1000  and  a  HgCdZnTe  infrared  photodetector  whose  response  time  was 
rated  at  2  ns,  respectively. 

At  a  100  Hz  pulse  frequency  (Fig.  2  (a)),  which  corresponds  to  the  discharge  duration  of  5  ms.  A  peak  power  of  810 
W  was  obtained,  which  was  1.4  times  higher  than  the  CW  output  level  and  an  average  power  of  270  W  obtained.  The 
laser  pulse  rises  with  a  delay  time  of  0.7  ms  after  the  discharge  pulse  starts  then  the  peak  power  is  increased  rapidly, 
which  forms  on  pointed  peak  output.  After  that  the  peak  power  decreases  to  the  CW  output  power  level  due  to  a  rise  of 
gas  temperature  during  the  discharge  pulse.  It  is  considered  that  in  the  range  of  lower  pulse  frequency  the  discharge 
interval  is  sufficient  for  the  convection  gas  cooling  to  the  next  discharge  pulse.  The  laser  pulse  is  terminated  with  a  delay 
time  of  1.2  ms  after  finishing  of  the  discharge  pulse.  Tail  of  the  laser  pulse  due  to  the  energy  transfer  from  N2  to  CO 
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Fig.  2  Discharge  pulse  and  laser  pulse  for  various  pulse  frequency  (a)  100  Hz,  (b)  250  Hz,  (c)  1  kHz.  The  upper 
trace  shows  discharge  pulse  and  the  lower  trace  shows  laser  pulse. 
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Fig.  3  Laser  pulse  shape  for  various  gas  pressure. 


molecules  are  observed.  A  pulse  width  of  4.44  ms  FWHM  is 
somewhat  shorter  than  the  discharge  pulse. 

At  a  250  Hz  pulse  frequency  (Fig.  2  (b)),  the  pulse 
performance  has  a  peak  power  of  750  W  and  the  average 
power  of  220  W  with  the  pulse  width  of  1.22  ms.  The  rise 
and  fall  time  of  laser  pulse  are  similar  to  a  100  Hz  pulse 
frequency  operation.  However,  the  intense  initial  peak  can 
not  be  seen  from  Fig.  2  (b).  This  is  due  to  the  insufficient 
convection  gas  cooling.  At  a  1  kHz  pulse  frequency  (Fig.  2 
(c))  ,  a  peak  power  of  260  W  and  an  average  power  of  120  W 
is  obtained.  The  laser  pulse  is  merging  into  a  quasi-CW 
performance.  The  reason  is  consider  that  the  laser  pulse  was 
not  following  by  the  fast  changing  of  discharge  pulse,  due  to 
the  cascade  laser  oscillation  process. 


The  gas  pressure  dependence  of  the  laser  pulse  performance  at  250  Hz  pulse  frequency  is  shown  in  Fig.  3.  It  is  seen  that 
the  peak  power  increases,  also  the  pulse  width  and  the  pulse  rise  time  are  reduced  with  increasing  gas  pressure.  This  is 
considered  to  be  mainly  due  to  the  increase  of  collisions  among  gas  molecules,  which  causes  the  faster  formation  of 
population  inversion  and  the  greater  loss  of  vibrational  excitation  energy.  In  case  of  higher  gas  pressure,  the  peak  power 
is  limited  by  the  discharge  instability  process.  On  the  other  hand,  at  lower  gas  pressure,  the  peak  power  is  limited  by  the 
overheating  of  laser  gas  during  the  discharge  pulse.  In  case  of  cryogenic  cooling  operation,  the  pulse  response  is 
considered  to  be  slower  because  of  the  lower  optimum  gas  pressure,  and  also  pulse  width  is  longer  due  to  the  cascade 
laser  oscillation  from  the  higher  vibrational  excitation  states,  compared  to  the  room  temperature  operation.  Accordingly, 
it  should  be  noted  that  the  room  temperature  operation  could  realize  the  fast  response  pulse  performance. 

The  pulse  characteristics  were  also  examined  for  various  concentration  of  N2  and  CO,  where  80  hPa  total  gas 
pressure  was  constant  at  250  Hz  pulse  frequency.  Figure  4  (a)  and  (b)  show  the  dependence  of  the  pulse  characteristics 
on  N2  and  CO  concentration,  respectively.  The  change  of  N2  and  CO  concentration  represented  similar  effects  on  the 
pulse  characteristics.  With  increasing  N2  and  CO  concentration,  the  peak  power  is  increased  and  the  pulse  width  is 


Fig.  4  Dependence  of  peak  power,  average  power  and  pulse  width  on  N2  (a)  and  CO  (b)  concentration  for  80  hPa  gas 
pressure  and  250  Hz  pulse  frequency. 
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Fig.  5  Enhanced  peak  laser  pulse  for  He  /  N2  /  CO  / 
O2  =  69.8  /  20  /  10  /  0.2,  80  hPa  gas  pressure  and  250 
Hz  pulse  frequency. 


reduced,  but  the  average  power  is  not  changed  so  much. 

In  order  to  obtain  the  enhanced  peak  laser  pulse,  the  gas 
mixture  was  optimized  to  He  /  N2  /  CO  /  O2  =  69.8  7  20/10/ 
0.2  and  80  hPa  gas  pressure.  A  maximum  peak  power  of  920 
W  in  Fig.  5  is  factor  of  1.6  times  the  CW  output  level  at  the 
same  value  of  peak  discharge  input.  In  this  case,  the  pulse 
width  of  1.03  ms  are  attained  for  the  fast  response  and  the 
good  reproducible  pulse  performance,  without  occurrence  of 
the  discharge  instability.  These  results  are  attributed  to  raising 
of  the  frequent  collisions  between  N2  to  CO  molecules 
contributes  to  the  fast  and  more  efficient  CO  vibrational 
excitation  under  those  operating  conditions.  Further  increase 
of  N2  and  CO  concentration  tends  to  occur  the  discharge 
instability. 


4,  CONCLUSIONS 

The  experimental  results  presented  here  with  a  room  temperature  operating  pulse  CO  laser  has  demonstrated  the 
modulated  pulse  RF  discharge  excitation  technique.  The  faster  pulse  response  and  higher  peak  power  of  laser 
performance  could  be  obtained  with  increasing  N2  and  CO  concentration  and  increasing  gas  pressure.  A  maximum  peak 
power  of  920  W  was  factor  of  1.6  times  the  CW  output  level  at  the  same  value  of  peak  discharge  input.  It  has  been 
confirm  that  the  pulse  performance  is  obtained  good  enough  for  the  material  processing.  We  believe  that  the  room 
temperature  operating  high  power  CO  laser  will  be  used  practically  for  industrial  applications 
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ABSTRACT 

An  industrial  CO  laser  with  output  powers  in  excess  of  3kW  and  capable  of  operation  at  room  temperature  has  been  developed 
within  a  collaborative  Eureka  project.  The  design  of  this  laser  employs  DC  excitation  and  fast  axial  gas  flow  technology  within 
a  closed-circuit  flow  loop.  The  design  and  performance  characteristics  of  this  device  are  described. 

Keywords:  CO  laser,  industrial  laser,  room  temperature  operation. 


1.  INTRODUCTION 

When  compared  with  CO2  multi-kilowatt  lasers,  CO  lasers  offer  the  prospect  of  improved  materials  processing  because  of  their 
ability  to  generate  high  continuous  optical  powers  at  5  pm  wavelengths  with  high  conversion  efficiencies  (-10%).  The 
theoretically  predicted  improvements  in  focusability  and  coupling  to  metallic  workpieces  may  be  expected  to  produce  results 
which  tend  towards  those  of  more  expensive  Nd:YAG  lasers.  Although  CO  lasers  have  been  operated  successfully  at  high  powers, 
reports  on  investigations  into  their  suitability  as  materials  processing  tools  have  been  few.  This  is  primarily  due  to  the  fact  that 
such  devices  have  had  to  be  operated  at  cryogenic  temperatures  or  by  employing  a  gas-dynamic  design  approach*.  The  practical 
difficulties  which  these  associated  laser  support  systems  present  to  industrial  laser  manufacturers  and  users  has  meant  that  CO 
lasers  have  not  been  adopted  for  commercial  materials  processing  applications.  The  development  of  a  relatively  compact,  easily 
operable  and  maintainable  device,  capable  of  several  kilowatts  output  at  room  temperature,  is  therefore  seen  as  a  pre-condition 
for  evaluation  trials  directed  at  industrial  materials  processing. 

Some  degree  of  success  in  achieving  room  temperature  operation  of  CO  lasers  has  been  reported  in  recent  years^’^  although  the 
output  powers  achieved  in  most  cases  have  been  well  below  IkW.  A  variety  of  excitation  and  optical  power  extraction  schemes 
have  also  been  examined*  ^  each  with  its  attendant  benefits  and  limitations.  From  a  laser  manufacturing  perspective,  design  factors 
such  as  electrical  power  source  type,  gas  flow,  gas  handling,  gas  cooling  sub-systems,  as  well  as  choice  of  optical  resonator  design 
need  to  be  considered  critically.  An  inappropriate  selection  and  combination  of  these  features  could  easily  result  in  a  device  which 
is  costly  to  build  and  maintain,  as  well  as  proving  to  be  unreliable  as  a  manufacturing  tool. 

A  3  year  collaborative  programme  of  work  carried  out  within  the  Eureka  initiative  (Project  EU113)  has  culminated  in  the 
successful  operation  of  a  5  pm  wavelength  CO  laser  capable  of  power  outputs  in  excess  of  3kW.  This  result  is  particularly 
significant  in  that  no  cryogenic  cooling  has  been  employed  and  the  device  is  engineered  along  the  lines  of  an  industrial  CO2  laser. 

Four  organizations  were  involved  in  developing  the  laser  source:  Laser  Ecosse  Ltd  (an  industrial  laser  manufacturer  taking  on  the 
role  of  laser  source  development),  Famell  Hivolt  Ltd  (a  power  supply  manufacturer  who  developed  the  electrical  power  source), 
Loughborough  University  (who  undertook  investigations  into  d.c.  electrode  design  and  gas  flow  behaviour)  and  T.W.I.  (the 
evaluator  of  the  laser’s  performance  for  materials  processing  applications). 
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2.  DESIGN  APPROACH 


The  design  approach  taken  for  this  project  was  one  which  would  most  likely  result  in  an  operating  laser  which  could  be  easily 
adopted  for  manufacture.  To  this  end,  a  commercial  CO2  laser  (AF5)  from  Laser  Ecosse  Ltd  was  selected  and  modified  to 
operate  at  5pm.  The  laser  is,  in  its  production  form,  a  5kW  (at  10.6pm  output),  d.c.  excited,  fast-axial  flow  device  employing 
a  stable  resonator.  The  latter  is  a  multi-arm  folded  configuration  which  uses  coated  silicon  reflectors  and  a  ZnSe  output  window. 
The  gas  moving  system  is  based  on  a  twin-Rootes  blower  arrangement,  required  to  transfer  the  laser  gases  through  20  300x20mm 
diameter  flow  tubes  at  high  velocity.  Figure  1  shows  the  arrangement  of  tubes  and  mirrors.  Heat  exchangers  are  incorporated 
in  series  with  the  gas  flow  loop  to  remove  excess  thermal  energy  and  maintain  a  gas  inlet  temperature  of  20°C  to  the  flow  tubes. 

For  an  effective  transition  to  5  pm  laser  operation 
with  a  CO  laser  gas  mix,  a  number  of  changes  had 
to  be  made  to  this  system.  The  Rootes  blowers 
were  replaced  with  higher  swept  volume  units 
rated  at  5000m^  hr*.  This  represents  a  19% 
increase  in  mass  flow.  In  order  to  minimize  gas 
consumption,  bakeable  moisture  traps  were 
incorporated  into  the  gas  circulation  path  to  allow 
long-term  sealed-off  operation.  A  gas  mixing 
system  which  provided  a  mixture  consisting  of 
1:20:1  CO:He:N2was  used  and  was  equipped  with 
a  facility  to  introduce  Xe  and  O2  at  fractional 
partial  pressures  and  flow  rates.  A  target  minimum 
gas  temperature  of  -20  °C  was  set  for  this  device, 
to  ensure  that  the  required  coolant  temperature 
could  be  attained  using  only  commercially  available  refrigerated  water  chillers.  A  glycol-doped  unit  from  Flowcool  Systems  Ltd 
was  procured  for  this  task.  Additional  improved  design  heat  exchangers  were  also  introduced  into  the  gas  system  to  provide  more 
effective  heat  extraction  and  to  assist  in  temperature  reduction.  The  gas  flow  system  is  depicted  in  schematic  form  in  figure  2. 
Considerable  attention  had  to  be  paid  to  the  prevention  of  air  leaks  into  the  system  as  CO  laser  operation  is  very  sensitive  to  O2 
partial  pressure  and  to  the  presence  of  water  vapour.  To  ensure  minimum  optical  losses  within  the  resonator,  the  10pm  mirror 
and  output  window  set  was  completely  replaced  with  components  coated  for  5  pm,  using  similar  substrate  materials.  A  window 
reflectivity  of  65%  was  chosen,  although  some  preliminary  trials  were  undertaken  with  a  85%  output  coupler.  In  order  to  enhance 
controllability  and  electrical  efficiency  of  the  laser,  a  50kW  switched-mode  power  supply  was  developed  for  discharge  excitation. 
This  was  evaluated  in  addition  to  a  conventional  d.c.  resistive  ballasted  unit  normally  supplied  with  this  laser. 


Output 


Figure  I  CO  laser  resonator  configuration 


Figure  2 


CO  laser  gas  flow  system 
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3.  EXPERIMENTAL  RESULTS 


The  system  as  described  in  the  preceding  section  allowed  gas  inlet  temperatures  to  the  discharges  to  be  maintained  at  -10°C.  A 
maximum  laser  power  of  4kW  has  been  obtained  with  the  65%  coupler,  the  higher  output  window  proving  to  be  unsuitable  due 
to  the  buildup  of  excessive  intra-cavity  power.  This  had  the  effect  of  inducing  significant  thermal  distortion  in  the  optics  and 


the  risk  of  permanent  damage  was  considered  to  be  too  great, 
function  of  input  power  and  corresponds  to  a  discharge 
efficiency  in  excess  of  8%  at  maximum  power.  The 
graph  represents  the  behaviour  of  the  laser  under  sealed- 
off,  Xe  doped  conditions,  higher  powers  being  attainable 
with  continuous  gas  purging.  The  effect  of  reducing  gas 
temperature  was  also  studied  and  revealed  that  the 
maximum  output  was  relatively  insensitive  to  this  factor: 
an  increase  to  30°C  resulted  in  a  30%  power  drop  (figure 
4).  Sealed  operation  of  the  laser  for  periods  of  several 
hours  has  also  been  achieved.  Air  leaks  into  the  system, 
which  operated  at  a  pressures  between  120  and  130mbar, 
caused  a  reduction  in  laser  output,  an  effect  which  could 
be  associated  with  excessive  O2  content.  A  small 


Figure  3  indicates  a  reproducible  laser  output  performance  as  a 
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amount  of  O2  was  found  to  be  beneficial,  however  and  ^  t 

^  ^  1  .  1  .  .  ,  Figure  3  Laser  output  as  a  function  of  electrical  input  to  discharges 

an  optimal  level  was  set  at  0. 1  l.mm*‘,  using  commercial 

grade  gas.  Laser  action  was  similarly  augmented  by  the 

introduction  of  Xe  whose  concentration  showed  a  similar  trend  in  its  effect  on  output  power.  A  30%  increase  in  laser  power  was 
noted  when  the  Xe  level  was  optimized  at  1 .5%  of  working  pressure  during  sealed-off  operation.  Water  vapour  content  was  also 
found  to  be  a  significant  factor  in  its  effect  on  output.  The  best  design  of  water  vapour  trap  was  experimentally  confirmed  to  be 
one  which  incorporates  3A  molecular  sieve  as  the  drying  agent,  producing  a  D.P.  of -100°C  (~  10'^  mbar  partial  pressure  H2O). 
A  total  of  5  individual  traps  were  employed  in  the  final  system  to  allow  continuous  operation.  A  comparison  between  the  d.c. 
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resistive  ballasted  supply  and  the  switched-mode  unit 
showed  no  significant  difference  in  laser  performance. 

The  spectral  composition  of  the  output  beam  was 
investigated  using  an  Optical  Engineering  CO2  wavelength 
spectrum  analyser,  set  to  operate  in  its  second  diffractive 
order.  The  use  of  this  equipment  set  an  upper  limit  of 
5.65|im  for  the  measurements.  With  no  Xe  present  in  the 
gas  mixture,  at  least  10  transition  lines  within  a  range 
5.37pm  to  5.64pm  could  be  observed.  The  number  of 
lines  increased  when  Xe  was  added,  3  additional  lines 


Gas  Inlet  temperature  ^K)  appearing,  starting  at  5.3 1  pm.  Based  on  a  knowledge  of 

general  CO  laser  oscillation  characteristics,  it  is  suspected 

Figure  4  Laser  output  dependence  on  gas  inlet  temperature  lines  above  this  limit  were  also  present.  Confirmation 

of  the  absence  of  10.6pm  output  was  made  by  interposing 
a  magnesium  fluoride  filter  between  the  input  beam  and  a 
power  meter.  No  significant  output  could  be  measured  under  normal  operating  conditions  of  the  laser,  although  some  10.6pm 
radiation  could  be  detected  when  the  moisture  content  in  the  laser  rose  above  partial  pressure  of  1 .0  mbar. 
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An  initial  qualitative  assessment  of  beam  quality  has  indicated  that  low  order  mode  output  was  being  generated  and  this  shows 
considerable  promise  for  laser  processing  trials.  Due  to  significant  thermal  leasing  of  the  output  window  however,  the  output 
beam  is  strongly  divergent  and  to  some  degree,  output  power  dependent.  Measures  are  currently  underway  to  correct  this 
problem.  A  fuller  appraisal  of  achievable  beam  quality  will  follow  in  a  future  report. 


4.  CONCLUSION 

This  work  has  shown  that  a  CO  laser  which  meets  the  main  design  criteria  Important  to  industrial  manufacturers  and  users  can 
be  developed.  In  addition,  the  general  engineering  design  approach  used  for  high  power  CO2  lasers  can  be  employed,  albeit  with 
some  enhancements  to  the  gas  cooling  system  and  to  the  maintenance  of  gas  purity.  The  laser  sub-systems  needed  to  fullfil  these 
functions  can  be  easily  constructed  from  commercially  available  materials  and  components. 
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ABSTRACT 

An  industrial  high-power  laser  is  technical  system  to  be  characterized  primarily  by  the  Efficiency.  For  a  high- 
power  laser  system  to  be  become  as  an  industrial  one  the  Efficiency  must  be  more  than  10%.  As  it  is  well  known  a 
steam-engine  has  such  an  Efficiency.  In  welding  and  in  cutting  thick  materials  to  provide  required  power  density  in  a 
spot  for  the  device  with  long  focus  the  value  of  output  power  of  radiation  must  be  no  less  than  lOO  kW  at  beam 
divergence  10'^  rad.  At  the  present  time  there  is  a  problem  in  concurrent  fulfillment  of  the  requirements  on  an  output 
power,  the  divergence,  and  the  Efficiency  as  well  as  the  requirements  on  the  stability  of  output  parameters,  total  resource 
of  operation,  the  safety  of  operation,  and  the  use  of  standard  components.  A  line  of  attack  on  this  problem  is  proposed 
by  the  present  author  through  the  use  of  continuous  formation  of  a  CO  laser  mixture  by  combustion  of  a  chemical  fuel 
and  the  use  of  atmospheric  air  as  a  buffer  gas  (up  to  80%),  which  is  cooled  in  a  supersonic  nozzles  followed  by 
excitation  in  a  radio-frequency  (RF)  electric  discharge  without  an  electron  gun.  A  small-scale  model  system  of 
electrogasdynamic  CO  laser  was  used  by  the  present  author  and  his  colleagues  to  demonstrate  for  the  first  timp  the  laser 
radiation  was  possible  in  a  system  with  combustion  products  and  air.  A  technical  proposal  for  a  multipurpose  self- 
contained  industrial  cw  high-power  CO  laser  system  is  proposed.  This  laser  system  is  based  on  standard  electrical 
machinery  with  a  gas-turbine  tove  without  ejecting  toxic  CO  into  the  atmosphere. 

Keywords:  industrial  laser  system.  Efficiency,  electrogasdynamic  CO  laser,  radio-frequency  discharge,  combustion 
products,  high-power 


1.  THE  REQUmEMENTS  TO  INDUSTRIAL  LASER  SYSTEMS  OF  HIGH  POWER 

Laser  technologies  must  be  divided  into  two  categories:  technologies  with  lasers  of  low  power  and  technologies 
with  lasers  of  high-power.  Such  division  is  coimected  with  the  character  of  tasks  to  be  solved  and  with  character  of  heat 
exchange  in  a  laser  (heat-conduction  process  or  convection  process).  In  the  latter  case  we  should  speak  not  about  lasers 
but  about  laser  systems  because  pumping  device  and  regeneration  device  of  a  gas  mixture  much  complicate  a  design  and 
increase  the  overall  dimensions  of  an  industrial  installation  with  laser  of  high  power. 

The  requirements  to  industrial  laser  systems  of  high  power  follow  from  comparison  of  efficacy  of  laser 
technologies  with  efficacy  of  traditional  technologies.  The  efficacy  is  defined  by  the  relation  of  target  final  result  to 
expenses^.  For  example,  in  welding  and  in  cutting  thick  materials  the  device  with  long  focus  and  power  density  in  a  spot 
almut  lO’  W/cm^  are  necessary  to  receive  a  result.  At  a  focus  of  the  order  of  200  cm  and  at  beam  divergence  (0)  about 
10"^  rad  the  required  output  power  of  laser  turns  out  about  100  kW. 

Expenses  of  any  technical  system  are  characterized  by  the  Efficiency.  The  Efficiency  of  an  industrial  laser  system 
must  be  more  than  10%.  As  it  is  well  known  a  steam-engine  has  such  an  Efficiency.  Because  of  this,  it  is  used  by  people 
more  than  100  years. 

In  result  we  have  received  the  following  requirements  to  industrial  laser  system  of  high  power,  which  should 

satisfy: 

Output  power:  Pout «  100  kW,  at  beam  divergence:  0  «  10‘^  rad  and  at  Efficiency  >  10%, 

plus  of  the  requirement  on  the  stability  of  output  parameters  at  a  level  of  2%,  total  resource  of  operation  more  than 
10  thousands  hours,  the  safety  of  operation,  and  the  use  of  standard  components. 
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2.THE  DIRECTION  TO  THE  CREATION  OF  THE  LASER  SYSTEMS  SATISFYING  THE  REQUIREMENTS 


Hansen  C.F.,  A  electrogasdynamic  laser  as  a  combination  of  gasdynamic  laser  with  Efficiency  less  than  1% 

1973  and  electric-discharge  laser  was  proposed; 
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Pout  ~100  kW  and  electric-optical  Efficiency  -50%  were  obtained  experimentally  from  quasi- 
cw  electrogasdynamic  CO  laser  installation  with  an  electron  gun 
(A  unique  properties  of  the  CO  molecule  provide  low  divergence  0); 

Calculations  of  the  closed  working  cycle  and  the  open  working  cycle  in  an  electrogasdynamic 
CO  laser  were  made; 

Efficiency  of  closed  cycle  <  Efficiency  of  open  cycle; 

Problem  of  a  CO  mixture  recirculation  was  noted  in  the  closed  working  cycle  because  of  the 
high  chemical  activity  of  the  CO  molecules,  the  increase  of  contaminations  in  an  active 
medium  and  attachment  of  beam  electrons 

(A  problems  of  the  open  working  cycle  cover  release  of  a  toxic  CO  mixture  into  the 
atmosphere,  availability  of  an  electron  gun  and  prior  formation  of  the  mixture); 

Model  installation  of  an  electrogasdynamic  CO  laser  was  used  to  demonstrate  practically  that  a 
laser  radiation  was  possible  in  an  installation  with  combustion  products  and  air  and  with 
radio-frequency  (RF)  discharge  in  a  supersonic  gas  flow. 

It  makes  possible  continuous  formation  of  a  laser  CO  mixture  during  laser  operation  and 
excitation  of  this  mixture  without  an  electron  gun; 


Baranov  l.Ya.,1994  Multipurpose  industrial  high-power  laser  system  satisfying  all  requirements  was  proposed. 


3.  BLOCK  DIAGRAM  SHOWING  THE  COMPONENTS  OF  AN  EXPERIMENTAL 

MODEL  installation' 


4.  CONTINUOUS  FORMATION  OF  A  LASER  CO  MIXTURE 
Continuous  formation  of  a  laser  CO  mixture  can  be  made  by  the  following  processes; 

(1)  conversion  of  the  combustion  products  into  a  CO  mixture,  for  example,  by  the  reaction  of  oxygen-containing 
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molecules  with  carbon^  to  remove  CO2  and  H2O  molecules,  because  the  rate  of  the  VT  relaxation  of  the  vibrational 
energy  of  the  CO  molecules  interacting  with  carbon  dioxide  and  water  is  several  orders  of  magtiitudft  higher  than  the 
rate  of  relaxation  of  the  vibrational  energy  by  interaction  with  other  components; 

(2)  preionization  of  the  combustion  products  by  expansion  in  nozzles',  which  ensures  the  maximum  reduced 
electric  field  F/I-J  in  the  discharge  and  the  required  eV-exchange  rate; 

(3)  selection  of  the  temperature  in  the  combustion  chamber  to  be  below  1500  K  (the  cooled  combustion  products 
are  then  free  ot  atomic  hydrogen,  which  is  a  particularly  strong  relaxant  of  the  vibrational  levels  of  CO^)  if  preionization 
is  adopted; 

(4)  addition  to  the  combustion  products,  at  their  exit  from  the  nozzles,  of  a  cooling  buffer  gas,  which  is  achieved 
by  expansion  in  the  nozzles  of  one’s  own  and  the  mixing  of  supersonic  flows,  so  that  the  necessary  cryogenic 
temperatures  are  reached  at  relatively  high  pressures'*  ensuring  a  high  W-exchange  rate  and  conditions  favorable  for  a 
partial  inversion. 


5.  THE  CONDITION  OF  EFFECTIVE  LASER  OPERATION  ON  A  MIXTURE  OF  (CO:N2:H2:02) 


(1) 

where  T  with  different  indeces  are  the  times  of  excitation,  W-,  VT-,eV-processes  and  electron  attarhmpnt 
respectively. 

The  condition  (1)  for  the  times  is  satisfied  by  selecting  the  values  of  E/N  and  the  composition  of  a  mixturr 

E/N  »  10  '*  Vem^  CO  >  10%,  N2  <  90%,  O2  <CO,  H2  <  90% 

The  feasiblily  of  using  the  available  electric-field  energy  in  direct  excitation  of  CO  molecules  in  a  n  ^luie  with 
N2  molecules  has  been  reported: 

-Dolinina  V.I.,  KoterovV.N.,  Pyatakhin  M.V.,  Urin  B.M.; 

-Islamov  R.Sh.,  Konev  Yu.B.,  Kochetov  I.V.,  Kurnosov  A.K.; 

-Hall  R  L.  Eckbreth  A.S.; 

-lyoda  M.,  Sato  S.,  Saito  H,  etal. 

If  the  value  of  E/N  [Vem^]  is  fixed  and  the  density  of  energy  deposition  jE  [W/cm^]  is  limited  by  allowable 
heating,  the  value  of  current  density  j  [mA/cm^]  is  also  limited: 

}  « 10  mA/cm^  «j  normal  (2) 

The  condition  (2)  is  readily  realized  in  a  subnormal  RF  discharge  with  dielectric-coated  electrodes.  In  this  case,  the 
losses  by  reactive  load  are  not  available,  a  field-strength  in  the  electrode  boundary  layers  is  reduced,  a  secondary 
electron-emission  coefficient  is  increased,  and  the  contribution  of  an  electron  current  to  electrode  is  respectively 
increased*"*. 

The  discharge  zone  is  tolerant  to  blow-off  by  high-speed  gas  flow.  The  discharge  is  uniform.  The  high-energy 
electrons,  which  are  typical  to  use  an  electron  gun,  are  imavailable.  Because  of  this,  in  the  discharge  zone  the  electron 
losses  are  small  owing  to  an  electron  attachment. 


6.  THE  PROPOSAL  OF  MULTIPURPOSE  INDUSTRIAL  HIGH-POWER  LASER  SYSTEM 
BASED  ON  STANDARD  COMPONENTS 

At  the  present  time  the  use  of  high-power  laser  in  the  industry  is  restricted  because  of  substantial  intricacy  of 
laser  units,  their  high  cost,  limits,  deficient  quantity  of  power  density  of  focused  laser  radiation  of  C02  lasers.  A  wide 
range  of  special  tasks,  like  stimulating  of  chemical  reactions,  isotope's  separation,  working  of  large  surfaces  of  metal  and 
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stone,  cleaning  of  oil  spills,  etc.,  requires  either  high  densities  of  laser  radiation  in  the  focal  spot  or  large  area  of  spot  in 
given  density  in  continuous  regime.  Theoretically,  it  is  possible  in  going  to  high-power  CO  lasers^.  A  wide  variety  of 
problems  arises  in  the  context  of  the  use  of  the  high-power  CO  lasers  of  the  closed  cycle  with  supersonic  and  subsonic 
gas  flow.  These  problems  can  be  solved  in  using  the  open  cycle  of  the  work  and  the  continues  making  a  laser  CO 
mixture  by  combustion  of  the  chemical  fuel  and  use  of  air  as  buffer  cooling  gas*®. 

System  design  is  necessary  for  developing  such  systems.  The  use  of  optimization  of  the  main  measurements 
(weight  and  overall  dimensions)  of  a  system,  generalized  scaling  to  define  parameters  of  a  laser*  and  available 
standard  component  in  working  the  technical  offer*  ^  at  early  stages  of  the  design  makes  possible  to  reduce  substantially 
expenditures  on  its  performance.  In  this  case  each  specific  task  to  high-power  laser  requires  technical  solution  of  one’s 
own.  There  is  independent  problem  to  find  such  tasks,  in  which  the  laser  methods  are  of  higher  efficient  than  traditional 
ones.  It  is  apparent  that  solved  by  high-power  lasers’  tasks  will  be  limited  fixed  range.  This  range  can  be  extended 
substantially  only  after  the  advent  of  these  lasers  on  the  market. 

Proposed  high-power  CO  laser  is  based  on  standard  electrical  machinery  with  a  gas-turbine  drive*^  The 
combustion  products  and  air  are  supplied  by  a  combustion  chamber  and  a  gas-turbine  compressor,  respectively.  The 
exhaust  products  of  the  laser,  which  contain  CO,  are  directed  to  the  compressor  and  are  then  additionally  burnt  in  the 
combustion  chamber:  they  thus  become  free  of  CO  and  are  ejected  into  the  atmosphere.  This  makes  the  laser 
ecologically  acceptable  and  facilitates  the  operation  of  the  diffuser.  The  proposed  design  can  be  used  to  construct  mobile 
laser  units*^. 

High-quality  optical  fiber  is  for  the  transmission  of  CO  laser  radiation*"*.  This  permits  the  use  of  adaptable  fiber¬ 
optic  cables  and  consequently  optics  manipulators  and  standard  robots. 

A  technical  proposal  for  a  multipurpose  self-contained  ecologically  acceptable  cw  CO  laser  with  the 
formation  of  a  CO  mixture,  without  cryogenic  equipments  and  an  electron  gun  shapes  a  new  scientific  direction  to 
the  creation  of  the  industrial  high-power  lasers. 
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ABSTRACT 

The  calculations  of  energy  characteristics,  operating  regimes  and  dimensions  of  the  discharge  zone  of  the  supersonic  e- 
beam  sustained  CO  laser  are  presented.  Calculations  have  been  carried  out  for  the  laser  modules  with  a  power  up  to  40 
megawatts. 

Keywords:  CO-laser,  supersonic,  e-beam  sustained,  energy  efficiency,  output  power,  operating  parameters. 

1.  INTRODUCTION 

A  number  of  projects  concerning  the  use  of  lasers  in  Earth-orbital  space  and  some  technologies  (e.g.  in  production  of 
ultrafine  "laser"  powders,  isotope  separation,  etc)  as  well  as  the  project  of  a  radiatively  driven  wind  tunnel  ^  require  using 
lasers  of  power  units,  tens  and  hundreds  of  megawatts.  After  a  supersonic  e-beam  sustained  CW  CO  laser  (SSCO-EIL) 
operating  with  high  efficiency  appeared,  such  projects  became  feasible  instead  of  being  fantastic.  The  results  of  SSCO-EIL 
investigations  presented  in  ^  were  confirmed  by  the  tests  conducted  with  the  participation  of  scientists  fi-om  USA  I  An 
analytical  model  of  SSCO-EIL  and  a  comparison  of  the  results  of  analytical  calculations  (RAC)  with  the  results  of  numerical 
calculations  (RNC)  obtained  by  solving  the  system  of  kinetic  equations  for  vibrational  levels  of  gas  mixture  components  and 
one-dimensional  gas  dynamic  equations  were  presented  in^  too. 

In  this  paper  the  results  of  calculations  performed  for  SSCO-EIL  of  multi-megawatt  power  are  presented.  RAC  are 
compared  with  RNC.  The  RAC  presented  allow  performing  easily  the  engineering  calculations  for  other  output  powers  and 
initial  data. 

2.  RESULTS  AND  DISCUSSION 

The  scheme  of  SSCO-EIL  is  shown  in  Fig.l.  Lasers  of  this  scheme  offer  the  following  advantages:  l.The  system  including 
a  supersonic  nozzle,  a  supersonic  channel  and  a  diffuser,  is  a  very  efficient,  cheap,  reliable  and  very  compact  refiigerating 
machine;  2.The  coincidence  of  the  resonator  and  the  discharge  zone  allows  to  keep  a  low  specific  vibrational  energy  value 
in  gas  mixture.  This  leads  to  a  low  heat  flow  caused  by  V-T  relaxation.  This  is  very  important  in  increase  of  the  SSCO-EIL 
efficiency  because  of  lower  temperatures  and  energy  expenditures  for  gas  pumping  in  a  closed-cycle  system  (the  more  input 
heat,  the  more  total  pressure  losses);  3.  High  electro-optical  efficiency,  high  specific  output  energy,  high  gas  densities  in  a 
subsonic  part  of  gas  contour  and  small  heat  release  lead  to  small  values  of  the  specific  (per  unit  of  output  power)  weights  and 
sizes  of  power  supply,  compressor,  pipelines,  heat  exchangers  in  a  closed-cycle  regime  and  to  small  volume  (per  unit  of 
energy)  of  a  tank  for  gathering  the  gas  mixture  and  using  it  once  more  after  clearing  (a  semi-closed  cycle). 

In  all  our  estimations  (we  use  symbols  and  relationships  of  analytical  model  fi*om  ^)  the  gas  mixture  ratio,  jb,  and  E/N  are 
the  same  as  they  were  at  testing  the  existing  device.  The  ratio  of  the  width  Bb  of  the  part  of  the  supersonic  channel  vftere  the 
bypassing  gas  flow  takes  place  to  the  average  height  of  the  channel  is  the  same  as  in  the  existing  device,  2Bb=l  .4  (hi+h2).  The 
bypassing  gas  is  the  operating  gas  mixture  which  flows  outside  the  discharge  zone;  this  gas  is  needed  for  preventing  break¬ 
downs  to  metal  mirrors  and  other  elements  of  the  channel.  In  analytical  calculations  we  used  Bs®^  4.2285*  10"^  cm’*  , 
Ein  =  82.9  J/g.  These  values  were  obtained  fi-om  the  results  of  experiment  No  9  (See  Table  1  in  ^.),  which  was  conducted  at 

Ni/Nq— 0.2  (No  -  Loschmidt  number),  Ti=80  K;  jb=0.02  mA/cm^;  E/N=5.T10’*^  V  cm^.  If  the  values  of  these  parameters  are 
changed  to  (Nj/No)',  T,' ,  jb'  and  (E/N)  ',  then 


- 1 

(N,/No)'  Pr(5.M0-'’)' 

X 

Ve(E/N)' 

80  V  (E/N)' 

0.02  cy(5.M0-'^) 

P,(E/N)' 

Ve(5.M0-'’) 

T,'  V'  5.M0"'’ 

Consider  the  results  of  calculations.  Plots  of  the  efficiency  of  conversion  of  discharge  energy  into  radiation  Ejn 
the  ratio  of  the  specific  input  energy  Ejn  to  Ein^  are  shown  in  Fig.  2-5.  In  numerical  calculations  for  the  same  conditions 
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Ein^=104.6  J/g  for  mixture  CO:Ar=0.1:0.9  and  EJ-SSA  J/g  for  mixture  CO:N2:Ar=0.05:0. 15:0.8.  It  follows  from  Fig.  3,5 
that  experiment,  RNC  and  RAC  are  different  insignificantly  for  considered  conditions. 

The  results  presented  reflect  fully  specific  features  of  kinetic  processes  in  SSCO-EIL.  Further  calculations  for  a  particular 
device  are  engineering  calculations  in  which  the  purely  technical  initial  data  such  as  allowable  radiative  flux  density  for 
optics,  efficiency  of  resonator  tires?  etc.  should  be  taken  into  account.  If  the  output  power  of  SSCO-EIL  is  given,  specific 
output  energy  E^^t  ==  fires  ‘  fiTi,Ein  *  ^in  allows  determing  the  gas  flow  rate  through  discharge  zone  Gd  and  therefore  the  area 

of  discharge  zone  cross-section  Sd=Bd  •  hi. 

In  choosing  of  the  cross  section  shape  it  is  necessary  to  take  into  accoimt  that  upon  increasing  the  dimension  of  discharge 
zone  along  the  beam  Bd  the  area  of  e-beam  gun  window  is  increased  and  therefore  its  power  consumption  is  increased, 
discharge  current  is  increased  and  discharge  voltage  is  decreased,  the  flow  rate  of  bypassing  gas  is  decreased.  The  height  of 
channel  is  decreased  too,  which  leads  to  the  necessity  to  meet  more  exacting  requirements  to  filling  the  channel,  which 
height  changes  along  the  flow,  with  radiation  . 

The  influence  of  changes  in  the  gas  mixture  density  and  in  the  dimension  of  discharge  zone  along  the  flow  on  Ein  and  Bout 
is  clear  from  the  plots  presented.  If  for  one  and  the  same  SSCO-EIL  the  gas  flow  rate  and  therefore  the  gas  density  at  the 
entrance  to  discharge  zone  are  increased  n  times,  the  output  power  will  rise  more  than  times.  It  is  obvious  that  acceptable 
areas  of  discharge  zone  cross-sections  at  high  values  of  Ni/No  take  place  at  output  power  level  of  units  and  tens  of 
megawatts.  It  is  necessaiy  to  note  that  at  a  steady-state  operating  conditions  the  heat  removal  from  the  output  window  is 
mainly  due  to  the  gas  flow.  As  Ni/No  rises,  heat  removal  rises  too  but  not  so  fast  as  output  power  does.  Estimations  show  that 
for  all  the  variants  of  SSCO-EIL  presented  in  Table  1  the  steady-state  regime  with  a  gas  ti^t  output  window  is  feasible.  It  is 
necessary  to  note  that  increasing  Ni/Nq  increases  the  influence  of  optical  non-uniformity  of  the  flow  on  radiation  divergence. 

In  order  to  estimate  the  volume  of  the  tank  of  a  semi-closed  cycle  and  the  energy  expenditures  on  the  gas  pumping  in  a 
closed  cycle,  it  is  necessary  to  know  the  ratio  of  the  Pitot  pressure  before  the  nozzle  Pqi  to  the  pressure  behind  diffuser  Pqs- 
We  assumed  that  the  pressure  recovery  in  diffuser  is  in  accordance  with  a  formula  that  was  obtained  by  approximating  the 
experimental  data  presented  in  ^  : 

Po,  /Pos  =  exp(0.3466M2  )[2  +  (k  -  1)M?  |o.9[2  +  (k  -  1)M^  |  , 

where  the  coefficient  0.9  makes  allowance  for  pressure  losses  in  the  contour.  The  plots  of  Poi/Pos  are  presented  in  Fig.  6. 


Table  1.  Main  initial  data  and  calculation  result  of  SSCO-EIL  parameters 


Parameter 

1 

2 

3 

4 

5 

1 

Gas  temperature  at  the  entrance  to  discharge  zone,  Ti,  K 

80 

80 

80 

120 

D 

Loss  coefficient  of  the  resonator,  k,  m'^ 

0.35 

0.25 

0.35 

0.25 

0.20 

Q 

Gas  density  at  the  entrance  to  discharge  zone,  Ni  /No 

0.2 

0.2 

1.21 

1.21 

1.21 

D 

70 

108 

70 

108 

70 

Specific  input  energy  for  gas  in  discharge  zone,  kJ/kg 

82.9 

124.3 

278.0 

229.1 

y 

Efficiency  of  discharge  energy  conversion, 

0.608 

0.666 

0.723 

0.675 

D 

Resonator  efficiency,  qres 

0.769 

0.870 

0.769 

0.870 

0.769 

8 

39.3 

72.8 

101.5 

176.8 

118.9 

9 

Discharge  zone  width,  Ba ,  cm 

50 

250 

50 

250 

50 

ilil 

Channel  height  at  the  entrance  to  discharge  zone,  hi,  cm 

5.4 

6.64 

5.4 

9.25 

5.4 

m 

Gas  flow  rate  in  discharge  zone,  Ga ,  kg/s 

4.495 

wsnsM 

27.04 

231.43 

ID 

Total  gas  flow  rate,  Ga+Gb  ,  kg/s 

6.3 

37.9 

266.3 

34.94 

Output  power,  Wout,  MW 

0.177 

2.0 

2.74 

40.5 

2.97 

m 

Electro-optical  efficiency,  Tieo=Eout  /  Bin 

0.474(0.468) 

0.586 

0.542 

0.636 

0.519 

m 

Discharge  voltage,  Ua ,  kV 

1.490 

1.830 

9.0 

15.4 

9.0 

m 

Discharge  current,  la ,  A 

251 

1870 

563 

4174 

635 

IQQI 

E-beam  gun  cathode  current,  Ib ,  A 

0.131 

1.01 

0.131 

1.01  1 

0.131 

m 

Pitot  pressure  before  the  nozzle,  Poi,  MPa 

0.181 

0.181 

1.096 

1.096 

0.583 

Kil 

Pressure  behind  the  diffuser,  Pqs  ,  MPa  1 

0.200 

0.123 

0.156 

m 

Vacuum  tank  volume  for  gas  flow  rate  during  1  sec,  m? 

17.4 

170 
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For  some  variants  of  SSCO-EIL  principle  initial  data  and  RAC  are  presented  in  Table  1.  In  column  1  the  parameters  of  the 
existing  device  and  the  results  obtained  in  test  No  9  (See  Table  1  in  are  presented.  Presented  in  row  15  "electro-optical 
efficiency"  are  the  experimental  value  and  the  calculated  one  (in  brackets).  In  column  2  the  calculated  parameters  of  the  2 
MW  laser  are  presented.  In  this  variant  the  operating  parameters  that  are  important  for  the  discharge  (gas  mixture  ratio,  Ti, 
Ni/No ,  jb ,  E/N)  are  the  same  as  in  the  existing  device.  The  dimension  along  laser  beam  is  appreciably  increased;  increased  a 
little  are  the  height  of  channel  at  the  entrance  to  discharge  zone  and  the  length  of  discharge  zone  along  the  flow.  Calculated 
parameters  of  SSCO-EIL  for  the  case  where  Ni/No  at  the  entrance  to  discharge  zone  is  increased  to  1.21  and  all  other 
parameters,  including  the  geometric  dimensions,  are  the  same  as  in  the  existing  device  are  presented  in  column  3.  In  this 
case,  output  power  is  increased  to  2.74  MW.  Results  of  calculation  for  the  40  MW  SSCO-EIL  are  presented  in  column  4.  In 
addition  to  increasing  Ni/No  to  1.21,  we  increase  the  geometric  dimensions.  A  comparison  of  the  data  of  column  4  with 
those  of  column  2  shows  that  the  module  with  the  higher  gas  density,  overall  dimensions  of  which  are  insignificantly 
different  and  which  requires  the  9  times  higher  gas  flow  rate  and  the  2.6  times  larger  volume  of  vacuum  tank,  has  the  20 
times  higher  output  power.  Parameters  of  SSCO-EIL  for  a  closed-cycle  operation  are  presented  in  column  5.  Its  wall-plug 
efficiency  is  more  than  26%  .  By  using  relationships  of  the  analytical  model  other  variants  with  other  initial  data  can  be 
calculated  easily.  RAC  are  in  a  satisfactory  agreement  with  RNC.  RNC  and  engineering  calculations  for  the  same  variants  are 
presented  in 

Increasing  the  dimensions  of  discharge  zone,  both  along  the  flow  and  along  the  laser  beam  axis,  does  not  cause  any 
problems,  at  least  with  regard  to  the  stability  of  the  e-beam  sustained  discharge.  This  is  confirmed  by  the  fact  that  the 
stable  discharge  taking  place  now  has  70-50  cm^  section.  The  theory  of  e-beam  sustained  discharge  known  to  us  does  not 
limit  increasing  Ni/No ,  with  regard  to  the  stability  of  the  e-beam  sustained  discharge,  if  the  values  of  E/N,  and  gas  mixture 
ratio  are  the  same  as  in  the  case  verified  by  experiment.  However,  in  order  to  be  absolutely  sure,  it  is  necessary  to  verify 
experimentally  the  possibility  of  providing  the  stability  of  the  e-beam  sustained  discharge  in  supersonic  flow  with  the  same 
values  of  E/N  as  hey  were  before  and  with  the  increased  values  Ni/Nq. 

3.  CONCLUSIONS 

Extremely  high  values  of  efficiency  and  specific  energy  output  were  predicted  for  a  supersonic  e-beam  sustained  CO 
laser  20  years  ago 

An  apt  conjunction  of  the  properties  of  operating  gas  mixture  with  the  characteristics  of  the  discharge  sustained  with  e- 
beam,  die  understanding,  more  detailed  than  earlier,  of  the  processes  in  SSCO-EIL  and,  as  a  consequence,  the  success 
in  realization  of  such  a  laser  that  takes  place  at  present  -  all  this  opens  the  way  to  create  supereffective,  supercompact 
and  superpower  lasers,  including  the  lasers  of  multi-megawatt  power.  The  advantages  of  SSCO-EIL  show  themselves  at 
output  power  levels  of  hundreds  of  kilowatts  and  rise  with  increasing  output  power. 

Many  of  the  uncertainties  could  be  resolved  if  the  stable  discharge  were  brought  off  (and  if  a  successful  work  of  the 
existing  laser  were  shown)  at  the  gas  mixture  density  considerably  exceeding  the  value  that  was  used  in  our  previous  tests. 
Shall  we  be  able  under  such  conditions  to  maintain  the  same  value  of  E/N  as  before? 
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ABSTRACT 

The  CO2  gas  dynamic  laser  driven  by  methane-air  combustion  in  an  unsteady  tlame  propagation  combustor  was  proposed 
for  the  purpose  of  industrial  application.  The  effect  of  coexisting  H2O  with  high  concentration  on  the  population  balance 
between  CO2(001)  andCO2(100)  levels  of  vibration-rotation  modes  was  theoretically  analyzed.  The  analysis  showed  that  the 
population  inversion  between  the  two  levels  can  take  place  with  the  methane-air  combustion  at  stoichiometric  ratio  if  the  gas 
flow  is  accelerated  to  Mach  number  5.0.  The  population  inversion  was  confirmed  by  the  experimental  measurement  of  the 
small-signal  gain  carried  out  q>plying  the  unsteady  flame  propagation  combustion.  High  emission  power  of  about  2.5  kW 
with  the  path  length  of  0.3  m  may  be  expected  from  the  magnitude  of  the  gain. 

1.  INTRODUCTION 

A  gas  dynamic  laser  (GDL)  is  a  promised  technology  that  can  generate  high  laser  power  driven  directly  by  combustion 
energy.  When  a  gas  containing  CO2  with  high  temperature  and  pressure  is  expanded  adiabaiically  through  a  supersonic 
nozzle,  the  population  inversion  between  the  two  energy  levels  of  (001)  and  (100)  of  CO2  is  achieved  to  emit  laser  of  10.6 
pm  in  the  system.  The  GDL  have  been  developed  originally  for  the  aims  of  military  uses,  and  unusual  fuels  were  used. 
The  GDL  is  expected  to  be  available  industrially  for  energy  applications  so  as  energy  transportation  and  precise  heating 
processes  because  of  its  excellent  power  and  energy  utilization  efficiency  by  recovering  thermal  energy.  To  lead  this 
technology  to  industrial  applications,  however,  there  are  several  problems  to  be  solved  including  use  of  more  common  fuels, 
development  of  high  pressure  combustor  and  a  system  design  for  the  enhancement  of  total  energy  efficiency. 

In  this  study,  the  applicability  of  natural  gas  or  methane-air  combustion  to  CO2-GDL  is  examined.  The  combustion  is 
carried  out  in  the  unsteady  flame  propagation  combustor  developed  to  achieve  easily  the  methane-air  combustion  under  a  high 
pressure  over  1  MPa.'  The  small-signal  gain  in  the  supersonic  flow  of  the  combustion  gas  through  the  nozzle  is 
investigated  experimentally  to  confirm  the  population  inversion  of  CO2  molecules.  The  theoretical  analysis  is  also 
performed  to  predict  the  behavior  of  the  population  inversion.  Laser  emission  power  and  efficiency  are  predicted  from  the 
magnitude  of  the  gain. 


2.  EXPERIMENTAL  PROCEDURE 

Fig.  1  shows  the  experimental  apparatus  used  for  the  measurement  of  the  small-signal  gain  in  the  methane-air  combustion 
system  of  CO2-GDL.  The  setup  consists  of  a  combustor  of  methane  and  air,  a  supersonic  no/zle,  a  cavity  with  an  optical 
system  to  measure  the  gain,  and  a  diffuser.  The  combustor  is  the  unsteady  flame  propagation  combustion  type.  Methane 
and  air  are  introduced  to  the  combustor  through  fuel  and  air  feed  tubes.  When  the  premixed  gas  flowing  reaches  an  igniter  in 
the  combustion  chamber  and  is  ignited  by  electric  spark,  a  flame  propagates  toward  the  upstream.  But  the  flame  blows  off  at 
the  vicinity  of  gas  inlet  and  then  unbumt  fresh  gas  pushes  the  burnt  gas  out.  These  combustion  is  repeated  in  the  combustor. 
The  inner  diameter  and  the  length  of  the  combustion  chamber  are  60  mm  and  756  mm.  The  inner  wall  of  the  chamber  is 
lined  with  41.6  mm  thick  castable  refractory  for  high  temperature  and  pressure  resistance.  Outstanding  features  of  this 
combustor  are  1)  to  have  preheating  effect  of  methane-air  from  the  combustion  chamber  wall,  2)  that  flame  stabilizers  are  not 
necessary,  3)  that  durability  is  desirable  because  the  chamber  wall  is  not  continuously  exposed  to  flame.  The  supersonic 
nozzle  is  a  least  length  nozzle,  and  the  throat  area  is  1.0mm  high  and  10.0mm  wide.  The  area  ratio  of  the  nozzle  (4/4*)  is 
25.0.  The  combustion  gas  is  adiabatically  expanded  through  the  supersonic  nozzle  and  Mach  number  of  the  gas  is  about  5.0 
at  the  cavity.  To  measure  the  small-signal  gain,  a  CO^  laser  is  used  as  a  light  source  of  stimulated  emission.  The  C(X 
probe  laser  power  is  5.7  W.  Two  anti -reflection-coated  Zn-Se  windows  are  installed  at  both  sides  of  the  cavity.  The  beam 
passes  through  the  Zn-Se  windows,  and  the  output  beam  is  reflected  diffusely  by  the  diffuse  mirror.  A  part  of  diffused  beam 
enters  the  MCT  detector  whose  response  time  is  3  ms. 


SPIEVol.  3092  •  0277-786X/97/$10.00 


3.  THEORETICAL  CALCULATION 

Prior  to  experiments  for  the  confirmation  of  population 
inversion,  the  theoretical  calculation  on  the  inversion  was 
performed  In  the  CO2-GDL,  the  transmission  between  the 
two  modes,  (001)  and  (100)  in  COj  are  used  The  balance 
equations  are  derived  to  determine  the  population  of  the  two 
modes  here.  It  is  assumed  that  the  combustion  gas  flow 
immediately  achieves  the  conditions  of  a  constant  temperature, 
a  constant  Mach  velocity  and  a  constant  pressure  after  the  gas 
is  expanded  adiabatically  through  a  supersonic  nozzle  to 
simplify  the  problem. 

The  transient  behavior  of  the  population  must  be 
generally  determined  from  the  transition  among  all  vibrational 
energy  levels  of  CO2.  However,  since  the  relaxation  times 
are  remarkably  fast  among  the  energy  levels  included  in  each 
mode  when  modes  I  and  11  are  grouped  as  shown  in  Fig.2,  the 
population  in  each  mode  can  -  be  approximated  by  an 
equilibrium  state  at  individual  temperature.  Therefore,  the 
balance  equations  are  derived  from  the  transition  among  the 
two  modes  and  the  base  level.  The  formulas  are  obtained  as 
follow, 

dE„/dt  =  -(<pEf^-E^)/x^  (1) 

dEj, /dt  =  (<pEt^  -  E-i)/x^  -  (£3  -  E-i]/X2  (2) 

where  and  denote  the  vibrational  energy  of  the  N2(v=l) 
and  C02(v=3),  respectively,  (p  is  the  mole  fraction  ratio  of 
CO2  to  N2.  T,  and  T2  are  the  relaxation  times  of  (001)  to 
(v=l)  and  (001)  to  (030),  respectively.  Using  the 

dimensionless  parameters  defined  by  Eq.(3),  finally  Eqs.(l)  and 
(2)  become  Eq.(4).  _  _ 

=(Ej^-En)/Ej^,  X3  =(£3  -£3j/£3  0) 

X3  =  y4  •  (€Xp(-t/tjj)-  exp(-t/Tj))  (4) 


He-Ne  Laser  (j^  Pressure  Sensor 

CO2  Laser  (J)  Igniter 

(^^  Supersonic  Nozzle  MCT  Detector 

(j)  Lazer  Cavity  @  Oscilloscope 

@  Diffuser  (jj)  Mirror 

(J)  Thermocouple 

Fig.  I  Schematic  drawing  of  experimental  apparatus 


where  pjg  2  The  energy  levels  of  each  vibration  mode  of 

l/rj=(a  +  b)/2T^,  i/r^j  =(a  -  b)/2T^,  A=(pXf^Qb,  C02andN2 

^2  =  tj/T2  +  1,  ^  =  /T2  “49T, /T2] 


Ej^  and  £3  are  the  initial  values  and  are  determined  by  the  assumption  that  the  initial  temperature  of  each  mode  is  equal  to 
the  translation  temperature  of  the  molecules  in  the  combustion  chamber.  When  the  Boltzmann  distribution  for  the 
population  in  an  equilibrium  state  is  applied,  the  following  equation  is  given, 

=  ^AO  ■  exp(-h^  /kT^)/Q  (5) 

where  is  a  molecular  density  of  the  v,  mode  of  A-molecule.  is  a  total  molecular  density  of  A-molecule.  The 
constant  h  denotes  the  Plank  constant  and  A:  is  the  Boltzmann  constant.  7,,,  is  the  vibration  temperature  of  the  v,  mode  and  Q 
is  the  partition  function.  The  relaxation  times  in  the  equations  above  are  correlated  by 


(Tj  '  = - ^ ^ - + - = - 

( )C0.  -COj  )C0-,  -  /V,  )C0-, 


j-J  -  ^  ^^2  ~C02 

('^a)cO.-C02  ('^a)cO.-N2 


.  -CO. 


^h^CO.-H.O 


where  jc,  is  a  mole  fraction  of  an  i  component.  (T„),.y  (n=a,bx',  iJ=C02.  N,,  H^O)  denotes  a  relaxation  time  for  a  gas 
mixture  of  components  i  and  j  and  are  given  from  the  experimental  data." 

The  results  of  the  theoretical  calculation  are  shown  in  Fig.3.  Increasing  the  Mach  number  of  the  gas  resulted  in  high 
molecular  density  rati o(Af()o/^ urn)  of  CO2(001)  to  CO2(100),  and  the  maximum  ratio  is  beyond  1 .0  that  means  the  achievement 
of  the  population  inversion  if  the  Mach  number  is  faster  than  4.0  as  shown  in  Fig. 3(a),  Particularly  the  population 
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inversion  becomes  remarkable  for  M=5.0.  Fig.3(b)  shows  the 
effect  of  H2O  concentration  on  the  population  balance.  The  ratio 
of  H2O  to  CO2  is  kept  a  constant  at  2.0.  The  location  of  the 
peak  of  ATqoi/A/^ioo  sifted  to  the  upstream  with  an  increase  in  H2O 
mole  fraction  while  the  peak  magnitude  of  the  ratio 
became  maximum  when  H2O  mole  fraction  is  0.4. 

4.  RESULTS  AND  DISCUSSION 
4.1.  Population  inversion  and  small  sign  '*ains 

All  of  the  following  experiments  were  carriec  d  the  fuel- 
air  ratio  of  0.9  in  combustion.  Examples  of  prc  and  MCT 
signals  measured  transiently  are  shown  in  Fig  is  the 

pressure  in  the  combustion  chamber,  is  the  ire  in  the 

laser  cavity,  and  MCT  represents  the  output  sigr  the  MCT 

detector.  All  the  scales  of  the  ordinate  are  arbitral  The  output 
power  of  the  probe  laser  detected  by  MCT  was  equal  constantly  to 
the  incident  power  to  the  cavity  and  neither  absorption  nor  gain 
appeared  in  Fig.4(a)  and  (b).  The  MCT  signal  of  the  output 
power  was  raised  periodically  for  the  pressure  over  0.95 
MPa  The  increment  was  observed  corresponding  to  the  period 
when  the  methane-air  mixture  was  ignited  and  the  pressure  rose  in 
the  chamber.  This  fact  means  that  gain  of  the  incident  beam  due 
to  the  stimulated  emission  could  be  obtained  for  the  combustion 
gas  produced  from  methane  and  air  in  the  unsteady  flame 
propagation  combustor.  However  there  was  no  increment  of  the 
probe  laser  power  in  the  period  of  combustion  gas  exhaust  after 
the  blow-off  of  flame.  Fig. 5  shows  the  behavior  of  the 
magnitude  of  the  small-signal  gain  plotted  against  the  operating 
pressure  Po,avr  Th^  small-signal  gain  G  is  determined  by 

G  =  (i/L)ln(lQ/I) 

(7) 

where  L  [m]  is  the  path  length  of  a  beam  at  the  cavity,  /  is  the 
peak  output  power  of  the  beam  detected  by  the  MCT  and  is 
the  incident  beam  power  as  seen  in  Fig. 4(c).  The  gain  rose 
from  0.22  to  0.68  m*^  against  an  increase  in 
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Fig. 3  The  Results  of  the  theoretical  calculation,  (a): 
the  effect  of  Mach  number  on  the  population 
balance,  (b):  the  effect  of  H2O  concentration 
on  the  population  balance 


the  pressure  from  0.90  to  1.18  MPa. 
The  gain  that  has  been  reported  in  several 
works  on  the  was  the  order  of  0.5  to 

3.0  m*^  depending  on  the  systems,  and  the 
gain  obtained  in  the  present  work  corresponds 
well  to  the  conventional  ones.  Hence  the 
present  system  may  be  available  for 
development  of  the  CO2-GDL  with  a 
sufficient  achievement  of  the  population 
inversion. 

4.2.  Estimation  of  laser  power  from 
the  small  signal  gains 

The  laser  power  was  calculated  by 
Anderson's  three-temperature  model’  based  on 
the  small  signal  gain  in  Fig.5.  This  model 
adopted  three  temperature  of  7,  and  7^,/,. 


Output  from^MCT  detector 


(a)Po.av9*6.3x  lOSpa 
( combustor  not  running) 


Output  Irom  MCT  detector 


(b)  Po.ay9  =  5.0x10Spa 
( combustor  running) 


(C)Po.avo  =  95x105  Pa 
( combustor  running) 


Output  from  MCT  detector 

:  I  X.  . 


(d)Po.av9=  11.5X105  Pa 
( combustor  running) 


Fig.4  Examples  of  measurements 


If  the  population  inversion  takes  place  within  vibration-rotation  modes,  we  can  define  often  the  following  three  temperature: 
the  translation  temperature  7  of  CO2,  the  vibration  temperature  7^/  of  v,  and  v.  modes  and  the  vibration  temperature  7,,,  of 
V3  and  Vn  modes  which  resonate  with  each  other,  v,,  V2,  and  represent  symmetrical  elasticity  vibration,  the  flexion 
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vibration,  and  the  unsymmetric  elasticity  vibration  of  CO2,  respectively. 
Vn  represents  the  symmetrical  vibration  mode  of  N2. 

The  laser  output  that  can  extract  from  this  system  is  expressed  as 

^out  “  ^  '  ^max 

where  rh  [kg/s]  is  the  mass  flow  rate  of  combustion  gas,  e„jax  [J/kg]  is 
the  increased  vibration  energy  p>er  unit  mass,  e^ax  is  expressed  as 

-  e,„(T,.„  j}  (9) 

where  is  the  sum  of  energy  of  v,  and  Vn  modes,  and  a  constant  0.409 
is  the  quantum  efficiency.  ^  is  the  vibration  temperature  at  which  the 
relaxation  proceeds  until  A^oo,  becomes  equal  to  e.-n  is  expressed  as 

function  of  T., 


8  9  10  11  12 

PqX  105[Pa] 

Fig.  5  Behavior  of  the  magnitude  of  the  small- 
signal  gain  for  operating  pressure 
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where  C,  is  the  weight  fraction,  P,  [J/kg  K]  the  gas  constant,  Oj  [K]  the 

characteristic  vibration  temperature  and  i  the  sort  of  gas.  From  the  4000r  -  _  ^ 

.  .  r  •  Fn  “  '  ^  / 

approximate  equation  of  gam  ; 

where  A  [m]  is  the  wave  length  of  light,  Z  [s"*]  is  the  collision  frequency.  g  '  ^ 

From  Eq.(l  1),  A^ooi  =  A^iw)  is  equivalent  to  G  =  0.  N;  is  expressed  by  ^  2000 

exp{-e,/T,.,)  Q.  .  " 

^001  ~Z  »  ^100  ^  y 

where  Nco2  is  the  particle  density  of  CO2  and  Q  is  the  partition  /  ^  ^ 

function.  When  G  =  0,  Ty//  becomes  Ty//.^  definition.  Hence,  ]  ^  ^ 

from  eq.(12),  Ty//  ^  is  expressed  as  q  ^  .ir  .n  :z.Z,Z.  ^  ^ 

T.n.e=(Gi/e0  T,,  (13)  0  5  10^^15^  20  25  30 

Assuming  -  T,  T,„  can  be  calculated  from  Eqs.(l  i )  and  (1 2).  e,„„,  p  ^  Co'^GDL  estimated, 

and  are  obtained  from  Bqs.(8),  (9)  and  (10). 

Fig.6  indicates  the  laser  powers  at  pressure  of  1.15  MPa.  The  solid  line  means  the  values  calculated  from  the 
experimental  data  The  broken  lines  show  the  laser  powers  estimated  from  various  amounts  of  gain  for  the  comparison. 
The  emission  power  is  expected  to  be  about  2.5  kW  with  the  path  length  of  0.3  m  from  the  magnitude  of  the  gain. 

5.  CONCLUSIONS 

The  CO2  gas  c^namic  laser  driven  by  methane-air  combustion  in  an  unsteady  flame  propagation  combustor  was 
proposed  for  the  purpose  of  industrial  application.  The  population  inversion  was  confmned  both  by  the  analysis  of  the 
population  balance  and  by  the  experimental  measurement  of  the  small-signal  gain.  The  estimation  revealed  that  a  high 
emission  power  of  about  2,5  kW  with  the  path  length  of  0.3  m  is  expected  from  the  magnitude  of  the  gain. 


0  5  10  15  20  25  30 

L  x1 0^  [m] 

Fig.  6  Laser  power  of  the  CO2-GDL  estimated. 
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ABSTRACT 

The  first  purpose  of  combustion -driven  C02-gas  dynamic  lasers  (GDL)  was  militaiy  applications.  Just  these  applications 
aimed  to  development  of  more  and  more  powerful  systems  led  to  appearance  of  more  and  more  expensive  lasers  using  very 
dangerous  and  poison  fuels.  It  is  very  hard  to  satisfy  simultaneously  both  military  and  economy  requirements,  therefore,  this 
idea  could  not  be  realized  widely  and  successfully.  On  this  way  the  lasers  had  no  chance  to  be  suitable  for  ordinary  users. 
New  approaches  at  the  old  idea  of  combustion-driven  CO2-GDL  allow  to  open  some  ways  to  realize  the  lasers  for  education 
and  research  projects.  The  most  inexpensive  10-15  kilowatt  and  400  megawatt  lasers  are  considered.  Experimental  results, 
technical  and  financial  estimates  are  presented  also. 

Keywords:  gas  dynamic  laser,  solid  propellant,  liquid  fuel,  applications,  estimations,  efficiency 


2.  APPLICATIONS 

GDL  is  one  of  oldest  ideas  to  create  a  self-contained  CW  source  of  a  high  power  light  beam.  Many  various  propellants 
and  fuels  were  studied  and  many  different  lasers  were  built  to  search  for  the  best  way  depending  on  real  applications  [1|. 
Nevertheless  this  idea  was  definitely  given  up  more  than  ten  years  ago  because  efficiency  of  the  lasers  turned  out  to  be  too 
low  in  comparison  with  some  other  more  effective  and  shorter  wavelength  laser  systems. 

As  well  as  defense,  some  other  possible  applications  for  the  lasers  including  of  repairing  in  disaster  areas,  remote  actions 
at  inaccessible  targets,  entities,  etc.,  were  considered.  Such  lasers  should  be  compact,  mobile,  harmless  for  users  and 
friendly  at  environment.  The  most  important  criteria  for  the  systems  are  low  cost  and  economy  efficiency.  From  this  point 
of  view  an  explosive  and  combustion  chemical  energy  conversion  remains  a  very  attractive  way  and  the  combustion-driven 
GDL  may  become  a  reasonable  solution  thanks  to  their  exceptional  simpliciU  and  minimal  expenses  both  for  their 
fabrication  and  operation.  However,  in  this  case  just  these  parameters  have  to  be  defined  as  the  most  important  and 
maximally  motivated. 

In  spite  of  wonderful  achievements  in  high  power  CW  solid  state  and  some  other  types  of  lasers,  the  electrical  discharge 
fast  flow  C02-lasers  remain  the  only  type  of  industrial  CW  laser  systems  with  output  power  10-20  kW.  Being  cost-effective 
for  mass-product  lines  these  lasers  are  too  expensive  for  mostly  research  and  education  labs. 

Many  more  difficulties  arise  to  provide  studies  of  various  technologies  using  of  more  powerful  (20  -  100  kW)  CW  lasers. 
Each  such  laser  is  a  unique  and  very  expensive  machine.  Meanwhile  all  future  technologies  have  to  be  developed  today  and 
than  more  groups  of  scientists  and  engineers  are  involved  in  the  research  processes  today  than  more  successful  results  may 
be  expected  tomorrow.  It  is  very  important  from  educational  point  of  view  also.  Probably  many  universities  and  science 
centers  would  like  to  take  part  in  such  investigations,  however,  they  cannot  afford  to  apply  today’s  high  power  lasers. 

In  these  cases  there  is  not  necessaiy  to  apply  the  real  long-time  CW  operation  lasers.  Mostly  problems  may  be 
investigated  and  studied  for  shorter  CW  operation  time  experiments.  Certainly  such  kind  of  lasers  cannot  be  used  directly 
for  mass-product  industrial  and  commercial  applications.  High  power,  continues  wave,  well  focused,  inexpensive  gas 
dynamic  lasers  may  turn  out  to  be  very  helpful  to  develop  various  research  and  educational  programs  for  modem  materials 
processing,  chemical,  electronic  and  other  high  technologies. 


3.  ESTIMATIONS 

Specific  power  for  combustion -driven  lasers  may  be  up  to  15  J/g  if  very  special  fuel  components  as  N2O,  (C2N2)„,  etc., 
are  applied  to  produce  their  active  media  [2].  Employment  of  much  simpler,  lower  cost  components  provides  as  much  as 
6-8  J/g  of  the  specific  power. 

Laser  beam  quality  may  be  very  high  if  to  take  into  consideration  usually  good  unifonnity  of  the  GDL  active  media. 
Multi-pass  unstable  resonators  provide  the  lasers  beam  divergence  close  to  some  diffraction  limits.  The  same  time 
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depending  on  real  applications  much  simpler  stable  resonators  may  be  used  also.  In  this  case  the  beam  divergence  is  worse 
by  ten  times  than  this  one  for  an  unstable  resonator.  Nevertheless  they  can  provide  maximal  specific  power  as  well  as 
maximal  output  power  for  10-20  kW  lasers. 

Dimensions  -  the  gas  dynamic  lasers  are  very  compact.  Their  dimensions  may  be  estimated  considering  of  the  whole 
GDL  as  two  independent  parts:  the  same  laser  and  working  medium  supply  system. 

1)  The  laser’s  dimensions  depend  on  its  efficiency  and  output  power.  The  combustion-driven  GDL  output  power  of  from 

the  laser  volume’s  unity  is  about  100  kW/  m^. 

2)  Scale  of  working  media  supply  systems  are  found  out  with  the  media  efficiency,  output  power  P  and  operation  time  r. 

The  propellant  and/or  fuel  average  density  is  about  1000  kg/m^  i.e.  specific  output  energy  may  be  presented  as  10,000 

kJ/m^.  Then  the  whole  laser  system  volume  V may  be  estimated  as  following:  Vfm^]=n  +  O.OlzfsecDx P  fkWl/100. 

If  full  operation  time  of  the  laser  is  more  than  some  minutes  the  laser’s  size  is  defined  exceptionally  with  the  laser 
working  media  supply  system  while  for  some  seconds  operation  time  the  size  is  depended  on  a  laser  unit  mainly. 

Safety  -  The  most  important  safety  problem  of  the  high  effective  gas  dynamic  lasers  is  the  dangerous  and  poison 
components.  Use  of  these  materials  leads  to  high  expenses  to  provide  enough  safety  both  for  technician  and  military  staff  as 
well  as  for  environment.  Meanwhile  ordinary  save  components  and/or  whole  propellant  mixtures  allows  to  apply  the  lasers 
anywhere  without  any  extra  actions  and  expenses. 

Cost  -  It  is  very  difficult  to  use  a  common  approach  for  this  very  sensitive  parameter.  Our  estimations  are  based  on  an 
existing  experience  for  development  of  GDL  with  output  power  from  some  kW  to  some  hundreds  kW. 

The  cost  of  laser  radiation  power  (energy)  consists  of  two  main  parts  -  a  cost  of  the  laser  and  maintenance  charges 
(wages,  cost  of  fuels,  propellants  and  additional  energy,  safety,  protection  of  staff  and  environment).  A  simple  15  kilowatt 
uncooled  GDL  may  be  built  today  for  $75,000  USD,  i.e.,  «$5  USD  per  one  watt  of  output  power.  This  relative  value  is  the 
same  or  lower  for  more  powerful  lasers.  For  example  one  100  kilowatts  combustion-driven  gas  dynamic  laser  may  cost 
$250,000  USD  only  («$2.5  USD  per  one  watt  of  output  power). 

The  maintenance  charges  are  very  different  depending  on  used  materials  and  components.  Values  of  effective  laser 
propellants  may  reach  $1.0  USD  per  one  kilogram.  It  means  this  part  of  expenses  has  to  be  about  $0.1  USD  for  one 
kilojoule  (kJ).  Ordinary  fuels  and  high  pressure  air  cost  at  least  by  some  tens  times  less,  however,  efficiency  of  the  lasers  is 
by  two  times  less  also,  so  and  in  this  case  that  part  of  maintenance  charges  has  not  to  exceed  the  value  of  $0. 1  per  one  kJ. 
The  expenditures  for  safety,  protection  of  staff  and  environment  are  also  connected  with  the  substances’  values.  For 
expensive  poison  explosive  materials  these  expenses  may  be  higher,  while  for  ordinary  wide-spread  propellants  they  will  be 
much  less.  Anyway  the  maintenance  charges  will  not  exceed  $0. 1  USD  per  one  output  power  kJ. 

Ultimately  the  lasers’  cost  does  not  exceed  $5,000  USD  for  one  kW  output  power,  while  their  maintenance  charges  are 
expected  on  the  level  of  $0.1  USD  for  one  kJ. 


4.  10  kW  COMBUSTION-DRIVEN  GAS  DYNAMIC  LASER 


The  concept  of  a  compact  inexpensive 
combustion-driven  C02-laser  including  both  solid 
propellant-  and  liquid  fuel-air  gas-generators  as 
sources  of  the  laser  medium  were  developed  in  the 
Baltic  State  Technical  University  during  several  last 
years.  Some  such  lasers  (Fig.  1)  have  been  designed 
and  built  for  various  labs.  The  lasers  utilize 
practically  either  solid  propellants  or  liquid  fuels 
(beginning  of  coal  or  kerosene)  burned  with  air. 

The  working  gas  mixture  (laser  medium)  of  the 
laser  presented  on  the  Fig.  1  is  produced  by  burning 
of  ordinary  rocket  double-base  solid  propellants  and 
air,  though  such  laser  was  tested  with  liquid  fuel -air 
gas  generators  also.  Combustion  gas  products  of  the 
solid  propellants  contain  carbon  monoxide  (50  %), 
water  vapor  (16%),  hydrogen  (18%),  nitrogen  and 

carbon  dioxide.  The  gas  after-burning  with  air  gives 
a  new  mixture  that  is  suitable  for  the  GDL. 


Fig.l 
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The  laser  specific  power  depends  on  the  ratio  p  between  the  air  and  combustion  products  mass  flow.  For  solid 
propellants-air  combustion  products  the  p  optimal  values  are  between  3.5  -  4.5  (Fig.2).  The  gas  mixture  consists  of  carbon 
dioxide  (14%),  nitrogen  (68%),  water  vapor  (9%)  and  oxygen  (9%),  temperature  is  1700  -  2000  K.  For  liquid  fuel-air 
mixtures  combustion  products  are  carbon  dioxide  (13%),  nitrogen  (76%),  water  vapor  (7%)  and  oxygen  (4%),  temperature 
is  1800  -  2200  K  while  the  optimal  p  values  are  12-16. 
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The  GDL  specific  output  power  is  4,0  -  6,0  J/g  for  solid  propellant-air  gas  generators,  and  6,0  -  9,0  J/g  for  liquid  fuel- 
air  ones.  One  start  duration  of  the  CW  operation  is  up  to  5  s  (it  can  provide  some  starts  per  hour),  the  laser  overall 
dimensions  are  150  x  130  x  67,5  cm.  The  solid  propellant-air  GDL  tests  results  are  presented  on  the  Fig.3.  Ordinary  rocket 
double-base  solid  propellants  stored  sometimes  more  than  15  years  were  used  for  the  experiments. 


5.  COMBUSTION-DRIVEN  GAS  DYNAMIC  LASER  FOR  ENERGY  ADDITION  TO  AIR  FLOW 

The  general  points.  400  MW  output  power  CW  laser  is  really  fantastic  system.  Different  kinds  of  high  power  lasers  have 
been  discussed  as  a  possible  source  for  energy  addition  to  air  flow  of  the  hypersonic  wind  tunnel  [3].  None  of  today’s  laser 
systems  can  satisfy  directly  this  demand.  Thinking  about  we  try  to  estimate  such  laser’s  scheme,  parameters,  and  cost  based 
on  our  results  [4].  In  comparison  with  other  chemical  lasers  GDL  is  less  efficient,  however  a  scale  of  a  full  chemical  laser 
system  of  the  same  output  power  may  be  even  larger.  Besides  of  that  the  gas  dynamic  laser  work  medium  is  much  more 
friendly  at  environment  and  (maybe  the  most  important  feature)  this  laser  is  more  inexpensive  both  to  built  and  to  use  it. 
On  the  Fig.4  the  first  preliminary  scheme  of  the  laser  is  presented  as  a  part  of  the  whole  aerodynamic  tube  test  site. 

We  assume  that  the  operation  time  is  one  second.  The  specific  output  power  as  8  kJ/kg  may  be  obtained  with  applying 
of  ordinary  solid  propellants  and  air  enriched  with  nitrogen.  The  full  flow  rate  of  the  laser  is  50,000  kg/sec,  i.e.  it  is 
necessary  10,000  kg  of  solid  propellant  and  40,000  kg  of  high  pressure  air  for  one  second  pulse.  A  vacuum  system  provides 
the  full  time  operation  collecting  the  laser  work  media  in  the  tanks.  Such  way  makes  the  experiments  noiseless  and  saves 
both  for  people  and  environment.  The  same  vacuum  system  may  be  used  to  collect  hypersonic  air  flow  from  the  tube.  The 
^  ;ume  of  the  vacuum  system  is  80,000  m^,  i.e.  140  spheres  of  15  m  diameter  each. 

The  first  pumping  up  stage  pressures  gas  from  the  vacuum  volume  up  to  400  atm.  7,800  kg  CO2  and  4,500  kg  H2O 
become  liquid  and  taken  out  from  the  system.  Adding  4,000  kg  O2  at  the  mixture  we  get  the  best  oxidizer  for  a  new 
operation  pulse  of  the  laser.  A  part  of  the  mixture  (about  500  kg)  under  400  atm  pressure  goes  to  the  second  pumping  up 
stage  to  prepare  gas  for  the  hypersonic  tube.  Pressing  the  mixture  up  to  30,000  atm  (?)  and  adding  50  kg  O2  the  medium 
for  the  new  operation  pulse  of  the  tube  will  be  ready.  In  fact  now  we  cannot  imagine  how  this  part  of  the  system  may 
operate,  therefore  this  paragraph  includes  in  the  text  only  as  a  reference.  However,  using  previous  data  we  can  estimate 
dimensions  and  expenses  for  the  laser  system.  A  preiiminaiy  design  scheme  of  this  system  is  presented  on  the  Fig.4. 

The  scheme.  The  big  laser  consists  of  some  equal  units  including  both  the  master-oscillator  and  amplifiers  and 
combined  in  the  united  system.  A  cross  section  of  the  wind  tunnel  is  8.5  ml  therefore  the  best  location  of  the  outp  i  laser 
beams  windows  is  around  of  the  tunnel  perimeter,  i.e.  on  a  diameter  about  five  meters.  The  optimal  nozzle  blade’ s  height 
is  15-20  cm.  Directing  of  the  laser  units  diffusers  at  the  axes  of  the  hypersonic  wind  tunnel  to  a  collecting  vacuum  tube  it  is 
possible  to  place  on  the  laser  beams  perimeter  about  100  laser  units.  The  output  power  of  each  laser  unit  is  4  MW.  A 


458 


resonator  of  the  unit  begins  practically  from  the  nozzle  edge  to  15-20  cm  distance  downstream.  All  the  units  are  assembled 
of  forty  laser  modules.  The  100  kW  laser  module  cavity  width  is  1.5  m  each,  i.e.  the  summary  width  of  each  unit  is  60  m. 

The  cost.  The  laser  volume  without  the  work  medium  and  vacuum  system  is  about  2,700  m^.  The  laser  can  use  some 
master-oscillators  and  amplifiers,  so  a  main  part  of  the  work  medium  goes  through  the  amplifiers.  It  may  decrease  the 


expenses  for  the  optical  systems  that  has  to  be  simple  enough  for  such  kind  of  laser.  Considering  our  today  experience  the 
cost  for  one  mass  product  100  kW  gas  dynamic  laser  module  as  part  of  the  big  400  MW  laser  is  about  $50,000,  i.e.  the 
whole  laser  system  cost  is  about  $200,000,000. 

The  maintenance  charges  are  $  0.0001  for  one  Joule  according  our  previous  estimate  for  such  kind  of  lasers.  Therefore 
the  expenditure  for  one  second  operation  time  of  the  laser  may  be  expected  on  the  level  about  $40,000  USD. 
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1.  Introduction 

The  recent  trend  in  microelectronics  towards  patterning  critical  feature  sizes  of  0.25  fim 
and  below  has  motivated  the  development  of  microlithography  at  the  deep  ultra-violet  (DUV) 
laser  wavelengths  of  248  and  193  nm.  In  recent  years  the  performance,  reliability,  and  cost  of 
ownership  of  excimer  light  sources  have  improved.  Some  key  technologies  needed  for  excimer 
lasers  in  microlithography  include  materials  issues,  gas  lifetime,  higher  repetition  rates  and 
improved  pulse-to-pulse  energy  repeat ibility. 

As  dimensions  of  circuit  elements  shrink,  new  wavefront  engineering  technologies  such 
as  phase  shifting  techniques,  off-axis  illumination,  and  other  modifications  to  extend  the 
lifetime  of  optical  lithography  are  required  [1-5].  Simultaneous  improvement  of  the  resolvable 
linewidth  (CD)  and  the  depth  of  focus  (DOF)  is  an  important  issue.  Both  CD  and  DOF 
are  limited  by  the  familiar  scaling  laws  CD  =  kiX/NA  and  DOF  =  k2\jN A? ^  where  A  is 
the  wavelength  and  N A  the  numerical  aperture  of  the  projection  lens.  The  parameter  ki 
depends  upon  the  imaging  technology  and  process  control,  while  k2  has  been  within  range 
of  1-2  for  many  years.  The  key  innovations  required  for  microlithography  are  those  that 
reduce  ki.  The  0.35  fim  critical  feature  sizes  required  for  the  64  Mb  DRAM  can  be  achieved 
with  wavefront  enhancement  technology  developed  for  i-line.  Similarly,  such  techniques  can 
be  added  to  248  nm  DUV  stepper  systems  to  achieve  the  necessary  resolution  for  0.25  fim 
features  needed  for  the  production  of  the  256  Mb  DRAM  chip  slated  for  initial  production 
in  1998.  The  practical  limit  of  optical  lithography  appears  to  be  0.12  fim  required  for  the 
4  Gb  DRAM  generation. 

In  1987  Durnin  [6]  showed  that  the  field  described  by  £(r,  =  A  *  Jo{k_ir)  • 

is  an  exact  solution  of  the  wave  equation  where  k‘^  +  =  uA  and  Jo  is  the  zero-order 

Bessel  function  of  the  first  kind.  This  field  represents  a  nondiffracting  beam,  because  the 
transverse  intensity  distribution  is  independent  of  the  propagation  distance  However,  such 
an  ideal  beam  cannot  be  realized  experimentally  over  large  values  of  2:  and  r,  because  the 
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electric- field  amplitude  of  the  beam  cannot  be  spatially  integrated  and  would  be  rigorously 
exact  only  in  infinite  free  space  [6,8].  An  experimental  demonstration  of  a  new  method 
to  generate  nearly  nondiffracting  Bessel  beams  using  a  Fabry-Perot  interferometer  will  be 
described.  It  was  experimantally  demonstrated  that  the  DOF  can  be  increased  by  a  factor 
of  2  and  simultaneously  the  transverse  resolution  improved  by  a  factor  of  about  1.6,  when 
using  this  technique  to  image  contact  holes. 

2*  Experiments  and  Results 


FABRY-PEROT  FOCAL  PLANE 


Figure  1:  The  image  produced  by  the  objective  lens  is  the  superposition  of  the  images  of  the 
individual  point  sources. 

Figure  1  shows  the  experimental  arrangement  used  for  generating  nondiffracting  Bessel 
beams.  A  point  like  source  (/q)  generated  by  a  microscope  objective  illuminates  a  scanning 
Fabry-Perot  interferometer.  Such  a  point  like  source  plays  the  role  of  a  contact  hole  on 
a  mask.  The  aperture  of  the  objective  lens  placed  after  the  interferometer  is  adjusted  so 
that  it  only  transmits  the  first  Fabry-Perot  ring  (at  the  rim  of  the  aperture)  and  blocks  all 
other  rings.  Due  to  multiple  reflection  in  the  interferometer,  multiplied  images  (7i,  /2,  h 
. . .)  of  the  only  one  real  point  like  source  will  be  obtained  beyond  Iq.  The  distance  between 
these  images  is  2d  and  the  intensity  ratio  is  between  adjacent  individual  sources  where 
d  is  the  separation  and  R  is  the  reflectivity  of  the  mirrors.  The  image  produced  by  the 
objective  is  the  superposition  of  the  images  of  the  individual  point  sources.  The  distance 
between  these  points  is  2dM^,  where  is  the  longitudinal  magnification  of  the  objective 
lens.  The  intensity  distribution  on  the  optical  axis  strongly  depends  on  the  separation  of 
the  individual  point  like  sources.  It  is  possible  to  distinguish  different  cases  depending  on 
how  many  individual  image  points  are  in  the  range  of  one  DOF.  Let  us  define  the  relative 
image  density  {N)  as 
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(1) 


N  = 


DOF 
2dM^  ■ 


N  gives  the  number  of  image  points  in  one  DOF  range.  The  image  produced  by  the 
objective  lens  was  magnified  by  two  microscope  objectives  (the  first  was  mounted  on  a 
precision  translator  to  examine  the  axial  intensity  distribution)  and  monitored  with  a  CCD 
camera  (see  Fig. 2). 


Figure  2:  Measured  intensity  distribution  on  the  optical  axis  for  cases  of  different  N  values. 

Four  different  experimental  cases  were  studied  {N  =  0.5,  1.5,  4,  and  10),  In  the  first  case 
(A^=r  0.5),  the  distance  between  the  image  points  is  twice  the  DOF^  therefore  the  images  can 
be  observed  separately.  By  decreasing  the  distance  between  the  image  points,  the  sharp  peaks 
disappear  and  the  intensity  decreases  faster  on  the  optical  axis.  From  a  microlithographic 
point  of  view,  oscillations  in  the  intensity  distribution  are  undesirable.  By  increasing  the  N 
ratio,  the  curves  become  smoother  and  the  oscillations  disappear.  In  the  last  case  [N  =  10), 
no  oscillations  occur.  Since  in  case  of  superimposed  images  the  first  minimum  is  not  zero,  it 
is  necessary  to  give  a  new  definition  of  DOF  so-called  tDOF.  tDOF  is  defined  as  the  range 
where  the  intensity  is  higher  than  the  half  of  the  main  peak.  The  figures  show  normalized 
intensity,  but  in  reality  (due  to  the  law  of  conservation  of  energy)  by  increasing  the  N  ratio, 
the  intensity  of  the  main  peak  increases.  The  =  4  case  appears  to  be  the  optimum  for 
microlithographic  applications.  The  oscillations  have  already  disappeared,  and  the  tDOF 
range  is  twice  as  large  as  without  the  Fabry-Perot  interferometer. 

The  theoretically  predicted  intensity  distribution  in  planes  perpendicular  to  the  optical 
axis  is  a  Jq  function.  The  measured  intensity  distribution  supports  this  prediction  (Figure  3). 

A  comparison  of  the  measured  Bessel  distribution  and  the  Airy  pattern  showed  that  the 
FWHM  of  the  Bessel  beam  is  1.6  times  smaller  than  the  FWHM  of  the  Airy  pattern.  This 
decrease  means  an  enhancement  in  the  transverse  resolution  power. 
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Figure  3:  The  measured  intensity  distribution  perpendicular  to  the  optical  axis  is  quasi 
equivalent  to  a  zero  order  Bessel  function.  The  solid  line  shows  the  fitted  curve  to  the 
measured  intensity  distribution  (depicted  by  circles) 


In  microlithography  it  is  often  necessary  to  expose  several  contact  holes  simultaneously. 
To  study  the  properties  of  imaging  two  contact  holes  (with  special  regard  to  the  most  critical 
case,  when  the  first  diffraction  rings  overlap),  we  placed  a  Michelson  interferometer  before 
the  Fabry-Perot  etalon.  The  experimental  setup  is  shown  in  Figure  4. 

The  interferometer  created  two  virtual  point  sources  (Pi  and  P2)  behind  the  mirror  M2. 
By  slightly  turning  the  mirrors  Mi  and  M2,  the  relative  transverse  separation  of  P\  and 
P2  could  be  adjusted.  Mirror  Mi  was  equipped  with  a  PZT  translator;  thus,  the  relative 
phase  difference  between  the  virtual  Pi  and  P2  could  be  arbitrarily  adjusted.  The  inset  of 
Figure  4  shows  four  different  cases.  In  case  a  there  is  constructive  interference  between  the 
first  diffraction  rings  (the  phase  shift  is  0),  and  the  intensity  between  the  two  main  peaks 
can  reach  64%.  Pictures  b  and  c  show  intermediary  cases,  when  the  phase  shift  is  in  the 
range  of  0  to  tt.  In  case  d  the  phase  difference  is  tt  and,  due  to  the  destructive  interference, 
the  intensity  maximum  between  the  main  peaks  is  zero.  These  experiments,  where  the  effect 
of  a  phase  shift  mask  was  simulated  by  a  Michelson  interferometer,  show  that  even  in  the 
most  critical  case  the  undesirable  effects  of  the  interference  of  the  diffraction  rings  can  be 
considerably  reduced  with  a  phase  shifting  mask. 

3.  Discussions  and  Conclusions 

Our  experiments  have  demonstrated  that  for  appropriate  phase  conditions  the  depth 
of  focus  could  be  increased  significantly  and  that  the  transverse  resolution  improved  by  a 
factor  of  1.6  when  this  technique  is  used  to  image  isolated  patterns  such  as  contact  holes. 
Although  these  experiments  were  performed  with  visible  laser  illumination,  this  method  can 
be  employed  for  1-line  and  deep  UV  lithography.  For  applications  in  a  real  optical  stepper, 
further  investigations  are  neccessary  to  determine  the  appropriate  insertion  point,  reflectivity 
and  thickness  of  the  Fabry-Perot  etalon.  Insertion  of  a  thin  Fabry-Perot  layer  between  the 
lens  and  the  wafer  has  several  advantages  (e.g.  separation  of  the  images  is  independent  of 
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the  magnification) ,  however  scattering  may  decrease  the  image  quality. 


INTERFEROMETER  RELATIVE  LENS  SYSTEM 

PHASE 

Figure  4:  Imaging  of  two  coherent  point  sources  formed  by  a  Michelson  interferometer.  The 
transverse  distance  and  the  relative  phase  difference  between  the  sources  was  adjustable 
by  translating  and  tilting  the  mirrors.  The  inset  shows  CCD  images  for  different  phase 
conditions. 
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Performance  of  1  kHz  KrF  excimer  laser  for  DUV  lithography 
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ABSTRACT 

In  response  to  the  requirement  for  higher  wafer  throughput  and  increased  dosage  accuracy  in  DUV 
lithography  steppers  and  scanners,  Cymer  has  developed  a  IkHz  KrF  laser  optimized  for  this  application. 
We  shall  describe  its  performance  and  design  features. 

Keywords:  KrF  lasers,  Deep  Ultraviolet  photolithography,  SCR  switched  pulsed  power 

2.  INTRODUCTION 

Chip  makers  are  gearing  up  for  686-class  micro-processors  and  64Mbit  production.  These  require 
producing  O.SSpm  design  rules.  They  are  also  focusing  on  256Mbit  DRAMs  that  require  0.25  to  0.35pm 
design  rules  (Figure  2.1).  Therefore,  the  shift  from  mercury  lamp  based  I-line  to  248nm  DUV  steppers  has 
begun  in  earnest.  Current  KrF  laser  models  from  several  suppliers  satisfy  the  optical/uptime  requirements 
necessary  for  pilot  production,  and  are  beginning  to  compete  well  with  I-line  steppers. 

3.  LASER  PARAMETERS  AFFECTING  STEPPER/SCANNER  OPERATION 
The  parameters  that  affect  the  operation  of  a  stepper  or  scanner  are  now  well  understood  (Table  3.1)’.  A 
multifaceted  relationship  exists  between  the  laser  and  stepper/scanner.  Such  is  not  the  case  with  the 
mercury  arc  lamp  and  the  stepper.  As  the  move  towards  higher  Mbit  DRAMs  and  faster  processors  occur, 
the  requirements  for  narrower  linewidth  KrF  lasers  increases,  as  shown  in  the  table.  Higher  throughput  and 
dose  control  accuracy  require  higher  repetition  rates  and  precise  control  of  laser’s  energy  reproducibility. 
Therefore,  several  laser  sub-systems  were  re-examined  during  development  of  1  kHz  laser  (Figure  3.1). 
Finally,  the  DUV  lithography  process  has  moved  from  the  R&D  laboratory  to  the  pilot  production  line. 
Therefore,  the  lasers  have  to  meet  a  host  of  international  safety  standards. 


3.1  Chamber 

By  far,  the  most  critical  module  in  the  laser  is  the  chamber^.  The  all-metal  and  ceramic  chamber  was 
re-designed  to  improve  flow  uniformity  between  electrodes  and  minimize  blower  power  requirements  (~ 
30%  of  total  input  power).  Flow  guides  introduced  in  the  chamber  eliminated  flow  non-uniformities, 
resulting  in  linear  laser  power  with  repetition  rate.  The  linearity  is  required  to  achieve  long  gas  life  (100  M 
pulses  between  refills)  and  minimize  peak-to-peak  energy  variations. 

3.2  Pulsed  Power 

At  IkHz,  the  traditional  approach  of  using  a  thyratron  switched  pulsed  power  system  is  inadequate  (Table 
3.2).  An  all  solid-state  pulsed  power  system^  was  optimized  for  IkHz  operation.  The  energy-recovery 
feature  in  the  pulsed  power  unit  reduces  energy  into  the  discharge  in  the  post-pulse  period  (Figure  3.2), 
resulting  in  increased  chamber  life  and  gas  life. 


3.3  Line  Narrowing 

The  high  NA  steppers  require  narrow  linewidths  (<0.8pm,  FWHM).  The  line  narrowing  technique 
utilizes  an  echelle  grating  in  combination  with  beam  expansion  prisms.  For  short  duration  KrF  laser,  the 
final  linewidth  is  related  to  the  single  pass  linewidth  (AA.p  via  the  equation: 


AXf  ' 


AX\ 


where  n  is  the  number  of  round  trips.  Since  the  number  of  round  trips  is  small,  3  or  4,  the  single  pass 
linewidth  is  designed  to  be  a  factor  of  two  higher  than  the  desired  linewidth  of  0.8  pm  (Figure  3.3).  This 
means  that  the  magnification  of  the  prisms  is  very  high.  However,  this  technique  is  susceptible  to 
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deviations  in  material  flatness  or  homogeneity  which  increases  linewidth.  The  problem  of  small  wavefront 
curvatures  is  corrected  by  introducing  a  small  curvature  (R  -0.5  to  10  km)  in  the  grating. 

3.4  Energy  Stability  in  Stepper  mode  operation 

The  step-and-repeat  lithography  process  has  many  steps,  such  as  wafer  loading,  pre-alignment,  exposure 
and  stepping  of  die.  Once  in  the  ready  state,  the  laser  may  be  operated  in  short  bursts  (30  to  60  pulses), 
separated  by  rest  periods  (100  to  1000  ms).  After  exposure  of  one  wafer,  the  wafer  exchange  step  takes 
several  tens  of  seconds,  during  which  the  laser  remains  idle.  The  burst  mode  makes  laser  operation  unstable 
in  energy  &  spectral  performance  at  the  beginning  of  few  pulses  of  each  burst.  After  few  pulses,  the  energy 
is  more  well-behaved  implying  that  the  energy  can  be  stabilized.  Fortuitously,  it  has  been  observed  that  the 
energy  behavior  during  the  start  of  the  burst  is  fairly  repeatable.  The  laser’s  control  system  software  is 
“trained”  to  compensate  for  this  behavior.  However,  further  investigation  on  the  characteristics  of  the 
second  laser  pulse  as  a  function  of  delay  wrt  the  first  pulse  revealed  interesting  facts  about  the  role  of  gas 
flow  in  controlling  energy  stability  (Figure  3.4).  The  re-entrant  gas  during  the  second  discharge  retains 
some  memory  of  the  first  discharge.  The  effects  of  re-entrant  gas  can  be  minimized  by  proper  premixing  of 
the  gas  prior  to  its  re-entry  into  the  electrode  region.  By  a  combination  of  software  and  gas  flow 
engineering,  the  energy  stability  of  the  laser  in  the  stepper  mode  can  be  improved  significantly. 

3.5  Energy  Stability  in  Scanner  mode  operation 

For  scanner  operation,  the  Energy  Stability  of  laser  impacts  dose  (which  is  the  integrated  energy  over  a 
burst)  accuracy.  The  lasers  are  designed  to  operate  in  the  range  where  dE/dV  is  the  lowest  (Figure  3.5),  so 
that  small  fluctuations  in  the  voltage  do  not  create  large  fluctuation  in  energy.  Therefore,  lasers  are 
designed  such  that  they  operate  at  or  near  600V.  With  big  improvements  in  manufacturing  technology, 
today,  Cymer  can  control  the  variability  of  the  starting  operating  voltage  to  within  3%,  i.e.  all  lasers 
operate  at  600  ±3%.  For  scanners,  the  total  dose  is  more  appropriate  than  energy  stability.  The  control 
software,  therefore,  attempts  to  minimize  the  deviation  in  the  integrated  dose  during  a  burst  by  using  a  non¬ 
linear  algorithm.  Although  the  energy  stability  can  be  as  much  as  10%,  the  integrated  energy  can  be 
controlled  to  within  1%  for  bursts  as  small  as  50  pulses. 

4,0  RELIABILITY  AND  COST-OF-OPERATION 

Beam  and  system  parameters  have  to  be  met  throughout  the  life  of  the  laser.  Therefore,  the  laser  is 
subjected  to  rigorous  life/reliability  tests.  However,  the  present  understanding  of  reliability  goes  beyond 
testing  a  laser  for  several  billion  pulses  and  documenting  the  failure  mechanisms.  Instead,  Failure 
Reporting,  Analysis  and  Corrective  Action  System  (FRACAS)  gathers  reliability  data.  FRACAS  is  a 
SEMATECH  created  database  program  used  to  collect,  record  and  analyze  failures.  Database  logs  and 
classifies  all  failures.  It  then  tracks  and  monitors  solutions  to  ensure  closure  of  all  problems.  All  laser 
failures  starting  with  manufacturing  build  through  system  end  of  life  are  logged  in  FRACAS.  Pareto 
analysis  and  other  statistical  reports  generated  by  FRACAS  help  Cymer  understand  the  reliability  of  ELS- 
5000.  Therefore,  reliability  data  is  gathered  from  multiple  sources,  under  multiple  conditions  to  help 
Cymer  track  failures  due  to  design,  infant  mortality,  or  lifetime. 

5.0  CONCLUSION 

After  ten  years  of  development,  the  stepper/scanner  manufacturers,  working  in  conjunction  with  excimer 
laser  manufacturers  have  taken  DUV  lithography  technology  from  R&D  to  pilot  production. 
Simultaneously,  the  laser  manufacturers  have  refined  manufacturing  techniques,  introduced  process 
controls  and  implemented  reliability  programs  to  effectively  compete  with  I-line  based  steppers/scanners. 
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ABSTRACT 

A  193nm  excimer  laser  microstepper  has  been  developed  for  deep  UV  photolithography  research  and  development  and 
system  details  are  presented.  The  tool  incorporates  a  xlO,  0.5NA,  4mm  field  diameter,  high-resolution  imaging  lens  of 
either  all-refractive  or  catadioptric  design.  An  all-fused  silica  refractive  lens  has  been  used  in  the  results  reported  here  to 
carry  out  exposures  in  polymethylmethacrylate  (PMMA)  and  polyvinylphonel  (MX-P8)  photoresists.  Well-resolved 
images  of  0.2 pm  dense  lines  and  spaces  have  been  produced  in  the  PMMA  and  MX-P8  resists. 

Keywords:  193nm  lithography,  silylation,  top-surface  imaging,  photoresists,  excimer  lasers,  line-narrowing. 

1.  INTRODUCTION 

Much  interest  has  recently  been  focussed  on  extending  existing  deep  UV  photolithography  technology  to  produce  sub- 
0.2pm  features  for  future  generations  of  >  1Gbit  DRAM  semiconductor  memory  devices.  Deep  UV  photolithography  with 
an  ArF  excimer  laser  source  at  a  wavelength  of  193nm  has  been  identified  as  a  very  attractive  candidate  for  a  potential 
process  and  as  a  tool  capable  of  achieving  these  design  rules' The  emerging  manufacturing  implementation  of  248nm 
lithography  stepper  tools  serve  as  a  guide  for  some  of  the  problems  that  arise  in  the  use  of  excimer  laser  exposure  systems 
but  many  challenges  need  to  be  overcome  before  photolithography  at  193nm  can  be  seriously  considered  as  a 
manufacturing  process. 

As  is  well  known,  the  depth  of  focus  (DOF)  of  optical  projection  systems  is  proportional  to  ^/NA",  where  X  is  the  optical 
wavelength  and  NA  is  the  numerical  aperture  of  the  imaging  lens.  For  0.2pm  resolution  at  193nm,  the  DOF  falls  to  <lpm 
and  so  image  enhancement  techniques  such  as  the  use  of  phase-shift  masks^  or  top-surface  imaging  (TSI)"*  need  to  be 
investigated.  Other  crucial  areas  also  needing  to  be  assessed  and  developed  at  193nm  include  high  quality  fused  silica  and 
CaF2  optical  materials,  high-NA  lenses,  lifetime  testing  of  optical  components,  illumination  issues  such  as  beam 
homogenisation,  off-axis  imaging  and  development  of  suitable  photoresists. 

In  this  paper  we  report  results  using  an  Exitech  Series  8000  ArF  excimer  laser  microstepper  designed  for  carrying  out  deep 
UV  photolithography  R&D  at  193nm.  TSI  and  single-layer  imaging  work  is  presented  which  demonstrates  resolutions  of 
<0.2pm.  Some  of  the  issues  mentioned  above  are  also  addressed. 


Figure  1.  Exitech  193nm  excimer  laser  microstepper  system 
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2.  EXPERIMENTAL 


2.1  MICRQSTEPPER  SYSTEM 

2.1.1  ArF  Laser  Source 

The  Exitech  Series  8000  193nm  microstepper,  show  in  Figure  1  and  depicted  schematically  in  Figure  2,  incorporates  a 
Lambda  Physik  LPX210i  ArF  excimer  laser  as  the  deep-UV  source.  When  operated  at  193nm,  this  laser  produces  32W  of 
average  power  at  its  maximum  repetition  rate  of  lOOHz  within  the  full  370pm  FWHM  bandwidth  of  the  ArF  transition. 

When  modified  using  a  specially  developed  line-narrowing  module,  the  laser  produces  an  average  output  power  of  ~0.5W 
in  a  minimum  linewidth  of  <5pm  FWHM.  With  this  module,  the  laser  may  be  tuned  between  wavelengths  of  192.75  - 
193.75nm  and  the  bandwidth  selected  between  370-5pm  FWHM. 


Laser  Beam  Profiler 


Figure  2  .  Schematic  diagram  of  193  nm  excimer  laser  lithography  exposure  system 
2. 1 .2  Illumination  optics 

The  beam  from  the  laser  is  shaped  to  be  20mm  x  20mm  at  the  reticle  plane  and  a  double  fly’s  eye  homogeniser 
arrangement  is  used  to  produce  a  reticle  illumination  uniformity  of  <±5%  RMS/pulse.  The  degree  of  beam  shaping  and 
homogenisation  depend  on  the  type  of  lens  objective  being  used.  A  CNC-controIIed  variable  attenuator  in  the  beam  line  is 
used  to  set  the  single  pulse  exposure  dose  on  the  wafer.  For  carrying  out  exposures  with  either  s-  or  p-polarized  193nm 
radiation,  a  removable  polarizer  can  be  inserted  into  the  beam  train.  All  mirrors  are  coated  with  high  damage  threshold 
dielectric  coatings  while  lenses  and  other  transmissive  optics  are  AR-coated  to  minimise  Fresnel  reflection  losses.  To 
reduce  the  absorption  by  atmospheric  oxygen  and  to  prevent  the  formation  of  ozone  and  contamination  of  the  optical  train, 
the  entire  system  from  the  laser  to  the  condenser  lens  is  purged  with  dry  nitrogen  gas.  Variable  and  fixed  apertures 
incorporated  in  the  beam  homogeniser  unit  are  used  to  adjust  the  partial  coherence  factor  and  provide  off-axis  illumination 
configurations. 

The  reticle,  imaging  lens  and  wafer  stages  are  all  mounted  on  a  common  granite  block  structure  to  provide  precise 
mechanical  stability.  To  allow  comparative  studies  to  be  made  between  exposure  work  at  193nm  and  248nm,  the  entire 
microstepper  can  be  readily  converted  for  use  at  either  wavelength. 
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2. 1 3  Imaging  optics 


The  tool  is  designed  to  be  used  with  either  all-refractive  or  reflective  catadioptric  0.5NA,  x  10  193nm  imaging  lens 
objectives  having  image  field  diameters  of  4mm.  The  lenses  were  designed  using  CODE  V©  and  tested 
interferometrically  during  fabrication.  Chromatic  aberration  of  the  ten  element  alhrefractive  fused  silica  lens  was 
eliminated  by  reducing  the  bandwidth  of  the  ArF  laser  to  <5pm  FWHM.  All  surfaces  were  coated  with  spun-on  colloidal 
silica  antireflection  coatings  and  the  mirrors  of  the  catadioptric  lens  were  coated  with  multilayer  dielectric  coatings  having 
a  reflectivity  of  >95%  at  193nm.  For  this  lens,  seven  fused  silica  corrective  elements  were  used. 


Figure  3.  All-refractive,  0.5NA  fused  silica  x  10  imaging  lens 

2. 1 .4  Wafer  positioning  and  registration 

Precision  CNC-controlled  air-bearing  stages  mounted  on  a  granite  base  are  used  to  provide  both  short-  and  long-term 
lateral  stability  of  the  wafer  during  an  exposure.  Using  capacitive  nanosensors,  measurements  from  milliseconds  to 
several  minutes  have  shown  that  the  wafer  remains  stationary  to  within  <±10nm. 

Either  6”  or  8”  wafers  can  be  used  with  this  microstepper  system  and  these  are  held  on  a  precision  vacuum  chuck.  A 
CNC-controlled  position-sensitive  detection  (PSD)  system  is  used  for  focal  registration  and  to  provide  an  autofocus 
method  for  automated  focal-dose  exposure  scans.  Focal  position  and  wafer  surface  height  are  registered  and  controlled  to 
less  than  lOOnm. 

Coarse  determination  of  the  focal  plane  of  the  lens  is  made  with  an  accuracy  of -lOjam  using  a  microscope  objective  and 
CCD  camera  integrated  in  the  wafer  chuck.  This  allows  a  fluorescent  image  of  the  reticle,  induced  by  the  193nm  radiation 
in  borosilicate  glass  wafers,  to  be  brought  into  focus  and  the  surface  of  the  glass  water  registered  with  the  PSD  system. 

2.1.5  Beam  diagnostics 

A  CCD  camera  based  Exitech  P256NG  193nm  laser  beam  profiling  system  is  incorporated  in  the  microstepper  for 
monitoring  the  illumination  profile  at  the  reticle  plane  in  real  time  during  an  exposure. 

A  high-resolution  Exitech  Minispec  laser  spectrometer  (--Ipm  resolution  at  193  and  248nm)  is  incorporated  in  the  beam 
line  to  provide  real-time  monitoring  of  the  laser  wavelength,  linewidth  and  stability.  When  line-narrowed,  the  centre 
wavelength  of  the  laser  output  is  maintained  to  within  ±  1pm  by  a  computer-controlled  active  feedback  system  developed 
by  Exitech.  This  ensures  stability  and  reproducibility  of  the  laser  spectral  output  during  exposures  and  nullifies  any 
thermally-  or  mechanically-induced  variations  in  the  laser  wavelength.  The  temporal  characteristics  and  energy  of  the 
laser  pulses  are  measured  using  a  silicon  PIN  photodiode  and  a  joulemeter  respectively. 

To  determine  the  refractive  index  and  absorptive  properties  of  developmental  photoresists,  the  Series  7000  section  of  the 
tool  (shown  in  the  centre  in  Figure  1)  can  also  be  used  to  measure  the  reflectance  of  photoresists  or  thin  films  at  193nm  (or 
other  excimer  laser  UV  wavelengths)  as  a  function  of  angle  of  incidence  under  a  computer-controlled  environment. 

A  dose  controller  system  monitors  and  controls  the  exposure  dose  at  the  wafer  and  thereby  circumvents  the  fluctuations  in 
the  output  energy  pulse  energy  of  the  laser.  The  dose  level  can  be  controlled  to  better  than  0.5%  with  this  system. 

2.1.6  System  control 

Functions  such  as  the  laser  parameters,  exposure  dose  setting,  wafer-positioning  and  focussing  are  CNC-controlled  from  a 
single  console  operating  under  a  PC  Windows©  platform  enabling  fully  automatic  exposures  to  be  performed.  The 
autofocus  system  checks  and  adjusts  the  focal  position  of  the  resist  before  each  site  on  a  wafer  is  exposed  and  conditions 
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such  us  dose,  focul  position,  site  identification,  etc.  for  each  site  are  stored  in  the  system  computer.  A  wafer  map  is 
produced  after  each  exposure  detailing  the  exact  parameters  of  the  exposed  sites.  After  each  exposure  run,  illumination 
beam  profiles  and  the  spectral  characteristics  of  the  laser  can  also  be  archived. 

2.2.  PHOTORESISTS 

Currently  there  are  very  few  photoresist  candidates  suitable  for  carrying  out  deep  UV  exposure  work  at  193nm.  In  the 
work  reported  here,  we  have  concentrated  on  using  two  photopolymers  -  polymethylmethacrylate  (PMMA)  and 
polyvinylphenol  (MX-P8). 

The  PMMA  resist  (Shipley  950PMMA  C9)  was  spun  to  a  thickness  of  0.22jLim  onto  a  0.3jLim-thick  layer  of  novolac 
(Shipley  Microposit  24 1 5)  which  acted  as  an  anti-reflection  layer  between  the  substrate  and  the  resist.  Chlorobenzene  was 
used  as  the  solvent  for  the  PMMA  in  a  1:1  mixture  and  baked  for  1  min  at  120°prior  to  exposure.  Post-exposure 
development  was  carried  out  in  a  1:1  mixture  (by  volume)  of  isopropyl  alcohol  (IPA)  and  methylisobutyl  ketone  (MIBK) 
for  1  min  followed  by  a  standing  rinse  in  IPA  for  15  sec. 

For  top-surface  imaging  studies  at  193nm,  the  MX-P8  resist  (Microlithography  Chemical  Corp.)  was  spun  to  give  a 
thickness  of  0.3  pm.  The  same  pre-exposure  bake  conditions  were  used  as  for  PMMA.  After  exposure  the  resist  was 
silylated  in  the  vapour  phase  by  injecting  dimethylsilyldimethylamine  (DMSDMA,  Microlithography  Chemical  Corp.)  at 
ISmbar  pressure  into  a  temperature-controlled  oven  at  120°C  for  1  min.  Reactive-ion  etching  was  then  performed  using 
an  Oxford  Plasma  Technology  parallel-plate  RIE80  system  with  O2  gas  (60W,  50sccm,  8  min).  No  skin  etch  was 
performed. 

3.  RESULTS 

Results  presented  here  uere  obtained  using  the  all-refractive,  0.5NA  fused  silica  x  10  imaging  lens  depicted  in  Figure  3. 
The  laser  was  operated  at  a  linewidth  of  5pm  with  a  typical  fluence  on  the  wafer  of  '-300pJ/cm"  per  pulse.  Since  the 
sensitivity  at  193nm  of  PMMA  resist  is  ~lJ/cm“,  operation  at  a  laser  repetition  rate  of  lOOHZ  and  these  fluences  give  an 
exposure  duration  of  around  a  minute.  In  contrast,  the  exposure  dose  for  MX-P8  resist  is  only  several  tens  of  mJ/cm"  so 
only  a  few  seconds  are  required  to  expose  each  site.  Exact  exposure  doses  are  set  by  CNC-controlling  the  integrated  dose 
to  the  nearest  integer  number  of  laser  pulses. 


Figure  4.  0.2  pm  lines  and  spaces  in  PMMA  Figure  5.  0.2  pm  lines  and  spaces  in  MX-P8 

imaged  using  top  -surface  imaging 

SEM  images  of  well-resolved  0.2pm  lines  and  spaces  imaged  into  PMMA  photoresist  are  shown  in  Figure  4.  The  0.2pm 
features  were  produced  uniformly  and  reproducibly  across  the  field  for  doses  in  the  range  of  1 . 1 .  -  1 .3  J/cm^  and  the  partial 
coherence  factor  was  0.55  for  these  exposures.  We  attribute  the  slight  bubbling  of  the  unexposed  surface  regions  to  the  wet 
development  process. 

Figure  5  shows  0.2pm  lines  and  spaces  produced  in  MX-P8  using  TSI.  The  modulations  observed  in  the  side-walls  of  the 
lines  are  thought  to  be  due  to  defects  in  the  reticle  and  are  not  optically-induced. 
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Contact  holes  were  also  imaged  in  MX-P8  resist.  The  partial  coherence  factor  for  the  contact  hole  exposures  was  set  to  be 
0.4  and  focal  dose  scans  were  again  conducted  to  determine  the  optimum  conditions.  0.4pm  and  0.35pm  contact  holes 
were  imaged.  0.3pm  contact  have  also  been  resolved  but  with  lesser  clarity.  Further  work  is  already  underway  to 
optimise  the  sub-0. 3pm  imaging  of  contact  holes  structure. 

Measurements  of  the  process  latitude  in  MX-P8  for  lines  and  spaces  ranging  from  0.2pm  to  0.35pm  are  shown  in  Figures 
6  and  7.  The  exposure  dose  is  plotted  against  the  ratio  of  the  width  of  the  lines  to  the  line/space  period  for  different  focal 
positions.  These  plots  relate  to  the  initial  characterisation  of  the  microstepper  and  were  intended  to  give  a  broad  indication 
of  the  overall  performance  of  the  exposure  system  and  TSl  photoresist.  It  can  be  seen  that  the  optimum  dose  was 
~50mJ/cm%  though  it  appeared  to  be  more  critical  than  the  focal  position.  This  highlights  one  of  the  benefits  of  TSI  in  that 
this  process  is  far  more  tolerant  to  defocussing  since  only  a  small  portion  of  the  top  layer  of  the  resist  needs  to  be  within 
the  depth  of  focus  of  the  lens  for  the  image  to  be  transferred  well  into  the  bulk  of  the  resist^.  The  trend  of  requiring  a 
higher  dose  for  the  imaging  of  smaller  features  is  also  observed. 


Focus  (urn) 

— 0 —  0  — — 0.5  — A. —  *  — B — 1-5  — V — 2 


Figure  6  Exposure  latitude  for  (a)  0.2  pm  and  (b)  0.25  pm  lines  and  spaces 
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Figure  7  Exposure  latitude  for  (a)  0.3  pm  and  (b)  0,35  pm  lines  and  spaces 

4.  CONCLUSIONS 

An  ArF  193nm  excimer  laser  R  &  D  microstepper  has  been  developed  and  used  to  image  0,2pm  lines  and  spaces  in  two 
separate  photoresist  materials.  The  overall  performance  of  the  system,  including  the  line-narrowed  excimer  laser,  beam 
diagnostics,  wafer  stage  capabilities  and  the  imaging  lens  has  been  characterised.  Work  is  in  progress  to  develop  further 
the  laser  microstepper  in  terms  of  improving  feature  resolution  by  using  off-axis  illumination  and  suitable  phase-shift 
masks  at  193nm.  Catadioptric  imaging  lenses  will  also  be  characterised  and  their  performance  compared  to  all-refractive 
designs.  A  fuller  investigation  of  top-surface  imaging  techniques  will  also  be  undertaken  to  assess  more  fully  the  limits  of 
the  process  at  193nm.  As  part  of  a  continuing  lens  testing  programme  towards  developing  higher  NA  lenses  for  use  at 
1 93nm,  aerial  image  measurements  will  be  performed  in  the  near  future. 
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Deposition  of  Diamond-like  Caikon  Films  Using  XeCl-Excimer  Laser 
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Applikations-  und  Technikzentrum  ATZ-EVUS,  RinostraBe  1,  D-92249  Vilseck 

1.  ABSTRACT 

Diamond-like  carbon  (DLC)  films  were  deposited  using  the  laser-assisted  physical  vapour  deposition  (LPVD)  method. 
This  work  is  dedicated  to  a  XeCl-excimer  laser  PVD  procedure.  The  influences  of  the  power  density,  working  distance, 
and  substrate  temperature  on  the  DLC-deposition  will  be  discussed.  The  propagation  velocity  of  the  laser  ignited  plasma 
was  determined  using  short-time  photography  and  time-of-flight  (TOP)  method. 

Keywoitis:  diamond-like  carbon  (DLC),  thin  films,  PVD,  pulsed  laser  evaporation  (PLE),  excimer  laser,  plasma  dynamics 

2.  INTRODUCTION 

Diamond  and  DLC  films  have  recently  become  one  of  the  most  attractive  materials  due  to  their  superior  mechanical, 
optical,  thermal  and  chemical  properties.  To  produce  DLC  films,  many  techniques,  such  as  chemical  vapour  deposition 
(CVD)\  sputtering^,  ion-beam  deposition^  and  LPVD'''^  have  been  developed.  Among  these  various  techniques,  the  LPVD 
method  is  perhaps  the  most  interesting  due  to  a  high  deposition  rate  and  a  simple  experimental  set-up. 

In  this  work,  the  influence  of  power  density  I,  working  distance  d  and  substrate  temperature  Tg  on  the  morphology 
and  structure  of  the  DLC -films  have  been  determined.  The  propagation  of  the  laser  ignited  plasma  has  been  studied  using 
two  different  methods:  short-time  photography  and  the  TOP  method. 

3.  EXPERIMENTAL 

The  experiments  were  carried  out  in  a  vacuum  chamber  with  a  set  of  a  turbo-molecular  pumps,  as  shown  in  Fig.  1, 
with  the  base  pressure  of  this  vacuum  system  set  at  approximately  1x10'^  mbar. 

A  carbon  piece  (purity  99.9%)  was  used  as  target,  while  steel,  copper  and  Si  (1 1 1)  were  used  as  substrate  material. 
To  obtain  a  uniform  deposition  and  growth  rate,  the  target  and  substrate  were  equipped  with  rotary  transmittance s  and 
rotated  at  room  tempertaure  during  deposition.  For  the  deposition  at  higher  temperatures  a  electrical  heating  was  used.  In 
this  case  the  substrate  was  fixed. 

The  wavelength,  pulse  duration  and  frequency  of  the  XeCl-laser  (Siemens  XP2020)  was  set  at  308  nm,  55  ns  and 
8.0  Hz  respectively.  The  laser  beam  was  irradiated  on  the  target  at  an  incident  angle  of  approximately  45®.  The  power 
density  of  the  laser  beam  was  varied  using  an  attenuator. 


vacuum  gauge  vacuum  chamber  valve  turbo-pump  rotary  pump 


Fig.  1  Experimental  set-up. 
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The  velocity  of  the  laser  ignited  plasma  was  measured  using  short  time  photography  and  the  TOP  method.  The 
morphology  of  the  films  were  then  observed  using  a  scanning  electron  microscope  (SEM)  (Zeiss  DSM940).  The  refractive 
index  n  was  measured  with  an  ellipsometer  at  632.8  nm.  Finally,  the  Raman-spectrum  was  collected  between  800  cm  ' 
and  2000  cm"'  wavenumbers  using  a  488  nm  Ar'"  laser  operating  at  100  mW  with  a  slit  width  of  200  pm. 

4.  RESULTS  AND  DISCUSSION 


4.1  Velocity  of  the  laser  ignited  plasma 

Marquardt  et  al.  had  determined  that  the  DLC  films  could  only  be  produced  at  a  high  laser  power  density  (>  5x  10^° 
W/cm^).  Davanloo  et  al,^  had  also  pointed  out  that  the  internal  stresses  in  the  deposited  films  was  found  to  be  higher  at 
lower  power  densities  for  target  ablation.  In  addition,  the  interfacial  layer,  which  is  veiy  important  to  the  adherence  of 
the  films,  was  formed  directly  due  to  the  bombardment  of  high  energy  ions  on  the  substrate.  Therefore,  the  kinetics  of  the 
laser  ignited  plasma  seems  to  be  very  important  in  the  explanation  of  the  DLC-deposition.  In  the  following  the  velocities 
of  the  ions  and  particles  in  the  laser  plume  are  illustrated. 


4.1.1  Short-time  Photography 

The  laser  ignited  plasma  was  recorded  through  a  quartz  window  using  a  short  time  camera  (PCO  DuoCam2),  as 
depicted  in  Fig.  1 ,  with  the  delay  of  the  photography  determined  by  the  coupling  of  the  camera  and  the  laser.  The  line 
scan  intensity  of  the  plasma  was  evaluated  along  the  plasma  propagation  direction  and  normalized.  If  an  arbitrary 
normalized  line  scan  intensity  of  the  plasma  can  be  taken  at  different  delays,  the  mean  front  velocity  of  the  plasma 
propagation  can  be  calculated. 

As  can  be  seen  in  Fig.  2(a),  the  velocity  of  the  plasma  at  different  laser  power  densities  was  constant  in  the  delay 
range  from  100  to  500  ns.  In  addition,  the  plasma  propagation  velocity  increased  with  increasing  laser  power  density,  that 
is,  the  kinetic  energy  of  the  'particles'  in  the  plasma  plume  increased.  Due  to  the  low  propagation  velocity,  it  has  been 
hypothesized  that  this  detected  velocity  is  a  result  of  big  carbon  clusters  or  neutral  particles. 


4.1.2  The  TOF  method 

The  TOF  measurement  was  obtained  using  an  oscilloscope  and  a  photodiode.  This  is  the  most  elementary 
experimental  set-up  for  the  TOF  measurement.  Here,  the  photodiode  receives  the  scattering  laser  light  and  is  used  as  a 
zero  reference  for  the  delay  measurement.  As  the  laser  light  is  obtained  at  the  target,  the  plasma  plume  then  forms 
perpendicular  to  the  target  and  the  ejected  ions  and  neutral  clusters  impinged  by  the  substrate.  The  target  was  grounded 
and  the  distance  between  the  target  and  substrate  was  adjusted  by  moving  the  substrate.  The  electrical  voltage  between 
the  target  and  substrate  was  recorded  using  an  oscilloscope.  The  features  of  this  method  is  very  simple  with  the  velocity 
measurement  of  ions,  but  the  velocities  of  different  ions  could  not  be  distinguished. 

The  measured  ion  velocities  were  28  and  33  km/s  at  the  power  densities  of  l.Ox  10®  and  l.9x  10®  W/cm^  respectively, 
and  were  constant  for  the  studied  working  distances  of  22  to  42  mm  between  target  and  substrate,  as  shown  in  Fig.  2(b). 
The  ion  velocity  increased  with  increasing  power  density  for  target  ablation.  Due  to  the  high  propagation  velocity,  it  may 
be  concluded  that  this  detected  velocity  is  due  to  small  carbon  ions. 


Fig.  2  Propagation  velocity  of  the  laser  ignited  plasma  measured  with  (a)  a  short  time  photography,  (b)  the  TOF  method 
as  function  of  the  delay. 
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4.2  Moiphology 

The  typical  morphology  of  the  DLC-film  is  very  smooth.  There  were  no  significant  changes  in  the  morphology  of 
the  DLC-film  with  variations  in  the  laser  power  density  (6x10’  to5x  10^  W/cm^)  or  substrate  temperature  (RT  to  300®C). 

Figs.  3(a),  3(b)  and  3(c)  show  the  ’droplets'  on  the  DLC-film  surface  at  different  laser  power  densities  and  working 
distances.  The  ’droplets’  density  on  the  film  surface  increased  with  increasing  laser  power  density  and  with  decreasing 
working  distance. 


Fig.  3  Morphology  of  DLC-films  deposited  at  (a)  1=  3.9x  10^  W/cm^  d=  30  mm,  (b)  1=  3.9x  10®  W/cmL  d-  40  mm,  (c)  1= 
5.3x10’  W/cm^,  d=  30  mm. 


4.3  Stnicture 

In  another  work®,  the  films  deposited  at  room  temperature  with  a 
power  density  in  the  studied  range  was  characterized  as  DLC,  which 
had  a  Raman  band  centered  at  about  1540  cm'\  In  addition,  the 
FWHM  (full-width-half-maximum)  of  the  Raman  band  was  broadened 
with  decreasing  laser  power  density  for  target  ablation. 

As  shown  in  Fig.  4,  all  films  deposited  at  various  temperatures 
were  identified  as  DLC  with  a  Raman  band  centered  at  approximately 
1540  cm*‘.  However,  the  Raman  signal  had  shifted  to  a  lower  wave 
number  and  the  Raman  band  had  broadened  at  a  higher  substrate 
temperature.  This  implies  that  the  films  had  become  more  graphitic  at 
higher  substrate  temperatures.  The  result  is  similar  to  those  obtained 
by  Sato  et  al.^  and  Germain  et  al.^. 

4.4  Refractive  index 

The  evolution  of  the  refractive  index  with  laser  power  density 
and  with  working  distance  is  shown  in  Figs.  5(a)  and  5  (b) 
respectively.  The  refractive  index  is  strongly  varied  with  laser  power 
density.  Except  at  the  power  density  lower  than  lx  10®  W/cm^,  the 
refractive  index  decreased  with  increasing  power  density.  That  is,  the 
films  deposited  at  higher  laser  power  densities  were  more  diamond-like.  The  result  was  similar  to  that  obtained  by 
Germain  et  al.^ 

The  refractive  index  was  decreased  from  2.95  (graphite-like)  down  to  2.55  (diamond-like)  with  increasing  working 
distance.  This  trend  was  similar  to  that  obtained  by  Jelinek  et  al.^  As  discussed  above,  the  velocities  of  plasma 
propagation  measured  with  two  different  methods  were  independent  of  the  working  distance.  But  the  'droplets'  density 
decreased  with  increasing  working  distance.  That  is,  the  refractive  index  seems  to  be  influenced  not  only  by  the  plasma 
kinetics  but  also  by  the  ’droplets’  in  the  films. 


Intensity  (a.u.) 


Fig.  4.  Raman  spectra  of  the  DLC-films  on  Si  at 
different  temperatures  (I  =  1.2x10®  W/cm\ 
d  =  30  mm). 
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Fig.  5  The  refractive  index  of  DLC-films  deposited  (a)  at  different  laser  power  densities  (d  =  30  mm),  (b)  at  different 
working  distances  (I  =  3.9  xlO*  W/cm^). 


5.  Conclusion 

At  laser  power  densities  between  6x10^  W/cm^  to  5x  10®  W/cm^  DLC-films  were  deposited  between  room  temperature 
and  300®C  using  a  XeCl  excimer  laser.  The  films  have  a  wider  FWHM  of  Raman  band  if  they  were  deposited  either  at 
lower  power  densities  or  at  higher  substrate  temperatures  (>  200°C).  The  propagation  velocity  of  small  ions  in  the  laser 
ignited  plasma  was  determined  to  be  about  30  km/s,  while  is  lower  for  big  carbon  clusters  (7  km/s).  The  refractive  index 
was  approached  to  diamond-like  if  the  films  deposited  at  higher  laser  power  densities  or  at  longer  working  distances. 
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ABSTRACT 

Picosecond  laser  pulses  were  used  for  microstructuring  metals,  ceramics  and  diamond.  Using  40  ps  laser  pulses  line 
patterns  with  a  minimum  line  width  in  the  range  of  7  pm  were  formed  in  diamond  without  destroying  the  crystallinity.  In 
Si3N4-ceramics  holes  were  drilled  with  diameters  smaller  than  6  pm.  Ultrathin  copper  and  gold  films  of  1  pm  thickness  were 
removed  from  fused  silica  and  silicon  (100)  without  influencing  the  substrates.  The  ablation  process  was  investigated  by 
high-speed  photography  and  pump  &  probe  -  measurements  with  a  time  resolution  of  40  picoseconds.  The  measurements 
allow  a  detailed  characterization  of  the  melting,  vaporization  and  solidification  processes.  Shock  waves  in  the  ambient 
atmosphere  were  detected  and  the  energy  in  the  shock  wave  was  determined. 

Keywords:  microstructures,  picosecond  laser  pulses,  shock  waves,  ceramics,  diamond,  metals 

1.  INTRODUCTION 

Pulsed  Nd:YAG-laser  radiation  is  a  powerful  tool  for  production  of  three  dimensional  microstructures,  when  it  is  used  in 
combination  with  high-resolution  optics  and  precision  motion  control  systems.  Different  materials  like  metals,  ceramics  and 
diamond  can  be  microstructured  by  laser  radiation.  Decreasing  film  thicknesses  and  sizes  of  microstructures  show  the 
limit  of  conventional  nano-  and  microsecond  laser  pulses  because  the  geometry  of  the  heat-affected  zones  are  of  the  same 
order  of  magnitude  as  the  microstructures  themselves.  Picosecond  laser  pulses  with  a  much  lower  heat  load  than  nano-  and 
microsecond  laser  pulses  may  produce  heat-affected  zones  with  geometries  in  the  range  of  100  -  200  nm.  Therefore,  they 
might  be  a  promising  tool  for  production  of  holes  and  grooves  with  dimensions  smaller  than  10  pm  and  for  ultraprecise 
removal  of  thin  layers."^’^ 

Compared  to  nano-  and  microsecond  laser  pulses  picosecond  laser  pulses  change  the  physical  conditions  during  material 
processing  in  different  ways.  Because  of  the  short  pulse  length  higher  power  densities  can  be  reached  and  rapid  heating  can 
possibly  lead  to  an  earlier  evaporation  of  the  material  and  to  a  reduction  of  the  thickness  of  the  melt  which  resolidifies  after 
the  end  of  the  laser  pulse  at  the  edges  of  the  ablated  area.  For  ultrashort  laser  pulses  in  the  picosecond-  and  femtosecond- 
regime  the  deposition  of  optical  energy  in  the  material  cannot  be  assumed  to  be  instantaneous,  as  for  nano-  and  microsecond 
laser  pulses.  The  finite  time  needed  to  convert  optical  energy  absorbed  by  the  electrons  of  the  material  to  internal  energy  of 
the  lattice  must  be  considered.  Therefore,  ultrafast  laser  heating  of  metals  must  be  described  by  three  processes:  the 
deposition  of  optical  energy  in  the  electron-gas,  the  transport  of  energy  by  electrons  and  the  heating  of  the  lattice  through 
electron-phonon  interactions.®’^ 

In  the  present  work  the  production  of  microstructures  in  different  materials  by  picosecond  laser  radiation  is  presented. 
Pump  8l  probe  -  measurements  are  described  which  allow  a  detailed  characterization  of  the  ablation  process  including  the 
feedback  of  the  surrounding  atmosphere  to  the  processed  microstructures. 

2.  EXPERIMENTAL 

Picosecond  laser  pulses  were  generated  by  a  diode-pumped  modelocked  Nd:YAG  laser  producing  pulses  with  a  length  of 
40  ps.  The  low  energy  pulses  of  the  modelocked  Nd:YAG  laser  were  amplified  by  a  diode-pumped  regenerative  amplifier 
leading  to  a  maximum  pulse  energy  of  200  pJ  at  the  sample  surface.^  The  repetition  rate  of  the  amplified  pulses  was  750  Hz. 
The  pulse  length  was  measured  with  an  autocorrelator.  A  single  40  ps  pulse  was  separated  from  the  pulsetrain  by  a  Pockels 
cell,  expanded  and  finally  focused  onto  the  sample  surface  by  ULWD-  (ultra  large  working  distance)  microscope  objectives. 
The  Pockels  cell  also  suppressed  pre-  and  post-pulses.  For  the  second  harmonic  generation  of  the  laser  radiation  (X,  =  532nm) 
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an  external  KTP-crystal  was  used.  The  power  density  distribution  of  the  laser  radiation  was  monitored  by  a  CCD-camera.  A 
Gaussian  distribution  was  detected.  Depending  on  the  different  microscope  objectives  and  the  wavelength  of  the  laser 
radiation  a  1/e  -focus  radius  of  3  -  18  fim  was  measured  by  the  wedge  method.  The  samples  were  mounted  on  an  XYZ-stage 
allowing  to  expose  each  pulse  to  a  virgin  surface.  All  used  samples  had  polished  surfaces  of  optical  finish.  The  integration  of 
the  focussing  optic  in  an  optical  microscope  permits  the  direct  observation  of  the  processed  area.  Optical  and  scanning 
electron  microscopy  (SEM)  were  used  to  characterize  the  processed  microstructures. 

In  the  pump  &  probe  -  measurements  the  interaction  zone  of  the  laser  radiation  and  the  sample  surface  is  temporally  and 
spatially  resolved  detected  by  photography  using  a  CCD-camera.  The  fundamental  wavelength  of  the  Nd:YAG  laser 
radiation  is  used  for  the  material  ablation  while  the  second  harmonic  radiation  serves  as  a  flash  lamp  for  the  illumination  of 
the  interaction  zone.  The  laser  pulse  length  of  the  illumination  pulse  leads  to  a  time  resolution  of  35  ps.  A  spatial  resolution 
of  1  pm  was  achieved  caused  by  the  used  microscope  objectives.  The  first  20  nanoseconds  of  the  ablation  process  in  air  at  an 
ambient  gas  pressure  of  1  bar  were  investigated.  The  delay  At  between  the  ablation  and  the  illumination  pulse  was  achieved 
by  shifting  the  illumination  pulse  temporally  against  the  ablation  pulse. 


3.1  Diamond 


3.  MICRQSTRUCTURES 


Using  the  second  harmonic  radiation  of  the 
Nd:YAG  laser  microstructures  were  produced  in 
diamond.  Line  patterns  with  a  line  width  b  in  the 
range  of  7  pm  were  formed  by  moving  the 
specimen  under  the  focused  laser  beam  (Fig.  1). 
The  depth  of  the  grooves  were  measured  to  be  15 
pm.  The  grooves  show  sharp  edges  and  no  debris 
in  the  surrounding  area.  The  crystalline  quality  of 
the  diamond  was  checked  by  micro-Raman- 
spectroscopy  before  and  after  micromachining.  In 
both  cases  a  sharp  peak  at  a  relative  wave  number 
of  1334  cm'^  corresponding  to  crystalline 
diamond,  was  detected.  ^  Hence,  microstructuring 
by  35  ps  laser  pulses  did  not  influence  the 
crystallinity  of  diamond. 

3.2  Ceramics 

Using  the  fundamental  wavelength  of  the 
Nd:YAG  laser  holes  and  grooves  were  produced  in 
Si3N4-ceramics.  A  minimal  hole  diameter  of  5.5 
pm  was  achieved  and  a  groove  with  a  width  of  1 8 
pm  could  be  formed  (Fig.  2).  The  structures  are 
marked  by  sharp  edges  and  steep  wails.  The 
recondensated  particles  in  the  surrounding  area  of 
the  holes  and  grooves  could,  if  necessary,  easily  re¬ 
moved  by  chemical  or  mechanical  means. 

3.3  Metals 

Thin  gold  and  copper  films  (thickness  <  1000 
nm)  on  fused  silica  and  crystalline  silicon 
substrates  can  be  removed  precisely  by  40  ps  laser 
pulses.  In  accordance  to  the  Gaussian  power 
density  distribution  the  holes  show  a  circular 
geometry.  At  low  power  densities  no  redeposition 
of  ablated  material  in  the  surrounding  area  of  the 
laser  drilled  holes  can  be  detected.  The  walls  of  the 
holes  are  covered  by  thin  molten  films  with 


Fig.  1 ,  SEM  unages  of  grooves  in  diamond,  A.  —  527  nm,  tp  —  35  ps, 
I  ==  4.6*10^*  W/cm^  fp  =  1  kHz,  v  =  0.25  mm/s,  b  -  7  pm, 
magnification:  leftside:  lOOOx,  right  side:  5000x. 


Fig.  2:  SEM  images  of  a  hole  and  a  groove  in  Si3N4-ceramics, 
tp  =  40  ps,  A.  =  1053  nm, 

left  side:  I  =  2.6*10^*  W/cm^  d^  =  5.5  pm,  10^  pulses, 
right  side:  I  =  2.4+10^^  W/cm^,  b  =  18  pm,  v  =  0.25  mm/s. 


Fig.  3:  SEM  images  of  holes  in  1000  nm  Au-films,  tp  =  40  ps 
X  =  1064  nm,  I  ~  9.8*10^^  W/cm^,  d^  =  6.4  pm,  1  pulse, 
left  side:  fused  silica  substrate,  right  side:  Si(100)-substrate. 


thicknesses  in  the  range  of  75  -  200  nm.  These  resolidified  films  indicate  the  existence  of  a  sharp  boundary  between  molten 
and  non-molten  material  by  picosecond  laser  processing  of  metals.  Independent  of  the  used  substrate,  holes  drilled  in  1000 
nm  thick  gold  films  show  for  the  same  laser  beam  parameters  the  same  processing  results  (Fig.  3).  In  the  case  of  the  silicon 
substrate  micro-Raman-spectroscopy  was  used  to  check  the  crystalline  quality  of  the  substrate  after  the  removal  of  the 
complete  gold  film.  No  changes  in  the  crystallinity  of  the  substrate  could  be  detected  at  the  ground  of  the  holes.  Therefore, 
thin  metal  films  can  be  removed  by  40  ps  laser  pulses  without  influencing  the  substrate. 


4.  PUMP  &  PROBE  -  MEASUREMENTS 


Pump  &  probe  -  measurements  offer  the  possibility  of  a  detailed  characterization  of  the  ablation  process.  The 
investigations  give  information  about  the  temporal  onset  of  material  ablation,  the  formation  of  the  hole,  changes  in  surface 
morphology  and  the  feedback  of  the  surrounding  atmosphere  to  the  processed  microstructures.  Two  different  illumination 
geometries  were  used.  The  first  illumination  geometry  leads  to  the  detection  of  reflexion  changes  of  the  sample  surface  while 
the  second  geometry  leads  to  a  detection  of  the  transmission  changes  of  the  atmosphere  in  front  of  the  sample.  Figure  4 
shows  two  images  taken  by  the  different  illumination  geometries  at  a  delay  of  600  ps  after  the  ablation  pulse  has  hit  the 
sample  surface.  Different  regions  and  discontinuities  could  be  detected:  1.  a  plasma  region,  II.  a  shock  front,  III.  a  ionization 
front.  The  plasma  is  marked  by  a  high  absorption  of  the  illumination  pulse  in  the  region  of  the  laser  beam  focus.  The 
diameter  of  the  plasma  region  increases  with  increasing  pulse  energy.  A  shock  wave  is  build  up  in  the  ambient  atmosphere. 
The  shock  front  becomes  visible  through 
the  step-like  change  of  the  refraction 
index  distribution  caused  by  the 

compressed  air.  The  ionization  front 
closely  follows  the  shock  front.  This  front 
represents  an  outer  boundary  to  the 
plasma  emission.  Behind  the  ionization 
front  the  gas  temperature  increases 

rapidly,  that  ionization  can  occur. 

The  propagation  of  the  shock  wave 
can  be  analyzed  by  the  Sedov  theory 
describing  the  temporal  and  spatial  Fig.  4:  Pump  &  probe  measurements,  copper,  X  =  1064  nm,  tp  -  40  ps, 

propagation  of  a  shock  wave  originating  left  side:  reflexion  measurement,  right  side:  transmission  measurement, 

from  a  point  source.  If  the  propagation  At  =  600ps,  I:  plasma,  II:  shock  front,  III:  ionization  front, 

behaviour  of  the  shock  front  is  known,  the  Sedov  theory  can  be  used  to  determine  the  energy  E  in  the  shock  wave.  In  the  case 
of  a  spherical  propagation  the  position  of  the  shock  front  r  can  be  calculated  from 


^  0  4 

r  =  A.Q  *  —  *  t  ■  ,  (1) 

vpy 

with  the  density  of  the  ambient  atmosphere  p,  a 
dimensionless  factor  Xq  and  the  time  t.  For  35  ps 
pulses  (k  =  1064  nm)  a  energy  of  10  -  20  %  of 
the  available  laser  pulse  energy  is  detected  in  the 
shock  front  (Fig.  5).  This  result  is  in  contrast  to 
nanosecond-experiments  where  up  to  80  %  of 
the  available  laser  pulse  energy  is  deposited  in 
the  shock  wave. 

Pump  &  probe  images  taken  by  temporally 
overlapping  illumination  and  ablation  pulses 
show  an  increased  absorption  in  the  focal  area  of 
the  ablation  pulse.  Therefore,  material  ablation 
starts  for  40  ps  laser  pulses  within  the  pulse 
length.  This  result  was  found  for  gold,  copper 


piiseenei^  Eq[  pJ] 


and  crystalline  silicon  even  for  the  lowest  used 
laser  pulse  energy  of  Eq  =  4. 1  pJ. 


Fig.  5: 


Energy  in  the  shock  wave  in  air  as  a  function  of  laser 
pulse  energy  for  copper,  X  =  1064  nm,  tp  =  40  ps. 
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5.  SUMMARY 


Using  40  ps  laser  pulses  line  patterns  with  a  minimum  line  width  in  the  range  of  7  pm  were  formed  in  diamond  without 
destroying  the  crystallinity.  In  Si3N4-ceramics  holes  were  drilled  with  diameters  smaller  than  6  pm.  Ultrathin  copper  and 
gold  films  of  1  pm  thickness  were  removed  from  fused  silica  and  silicon  (100)  without  influencing  the  substrates. 

The  ablation  process  of  different  materials  was  temporally  and  spatially  investigated  by  pump  &  probe  -  measurements. 
Different  regions  and  discontinuities  were  detected:  a  plasma  region,  a  shock  front  and  a  ionization  front.  The  energy  in  the 
shock  wave  was  calculated  by  using  the  measured  propagation  of  the  shock  front  according  to  the  Sedov  theory.  For  40  ps 
laser  pulses  10  -  20  %  of  the  available  laser  pulse  energy  is  deposited  in  the  shock  wave.  The  pump  &  probe  -  measurements 
also  show,  that  the  ablation  process  induced  by  40  ps  laser  pulses  always  starts  within  the  pulse  length. 
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ABSTRACT 

The  paper  reviews  recent  developments  in  high  power  excimer  laser  technology  driven  by  industrial  requirements. 
Technological  achievements  as  NovaTube™  laser  tube  technology  and  HaloSafe™  halogen  generator  technology  are 
discussed.  Experimental  results  are  presented  for  various  lasers  at  the  most  important  excimer  wavelengths  351nm  (XeF), 
308nm  (XeCl),  248nm(KrF),  193nm(ArF)  and  157nm(F2)  which  have  been  designed  for  application  in  micromachining,  thin- 
fiim-transistor  annealing,  marking  as  well  as  lithography. 


Keywords:  excimer  laser,  annealing,  lithography,  micromachining,  marking. 


1  INTRODUCTION 

As  powerful  sources  of  deep  ultraviolet  light,  excimer  lasers  are  demonstrating  unique  efficiency  in  a  variety  of  industrial  and 
medical  applications.  Typically  however,  the  process  window  for  the  laser  beam  parameters  as  power,  pulse  energy,  stability, 
repetition  rate  and  bandwidth  depend  on  the  particular  application.  For  micromachining  and  TFT  annealing  for  example  high 
average  power  XeCl  or  KrF  lasers  with  very  homogeneous  spatial  beam  profile  are  needed.  In  addition,  because  of  the  strong 
nonlinearity  of  the  annealing  process  pulse  energy,  stability  must  be  as  good  as  possible.  Marking  applications  at  all 
wavelengths  need  either  high  pulse  energy  or  high  repetition  rate  to  achieve  the  required  throughput.  In  DUV  lithography  the 
development  of  new  step-and-scan  tools  currently  needs  narrow  band  laser  sources  with  kHz  repetition  rate  at  248nm.  Going 
below  the  0.18|.im  design  rule  within  the  next  years  193nm  lasers  are  necessary  and  157nm  lasers  are  already  entering  the 
discussion.  Of  major  general  importance  for  all  the  industrial  applications  are  long  gas  lifetime,  extended  maintenance  cycles 
and  finally  low  cost  of  operation. 

The  paper  reviews  recent  developments  in  high  power  excimer  laser  technology  driven  by  industrial  requirements  from 
micromachining,  marking  and  lithography.  General  technological  achievements  are  presented  as  well  as  results  for  the  most 
important  excimer  gases  XeF  (351nm),  XeCl  (308nm),  KrF  (248nm),  ArF  (193nm)  and  F2  (157nm). 

2.  NOVATUBE™  TECHNOLOGY  AND  HALOGEN  GENERATORS 

As  general  technological  achievements  there  have  been  two  major  revolutionary  developments  during  the  last  years.  The  first 
is  NovaTube™  -  a  metal-ceramic  excimer  laser  technology  with  optimized  electrode  and  preionization  materials.  The  second 
is  the  halogen  generator  -  a  device  which  enables  the  operation  of  excimer  lasers  without  external  gas  installations  for  fluorine 
or  chlorine  gases. 

The  metal-ceramic  excimer  laser  tube  technology  NovaTube™  is  the  key  to  achieve  long  gas  and  laser  tube  lifetimes  at  UV 
wavelengths  especially  for  fluorine  based  excimers.  The  tube  consists  of  optimized  alloys  and  high  density  ceramics.  Special 
chemical  treatments  have  been  developed  to  provide  perfect  surface  passivation.  Both  electrode  and  pre-ionization  materials 
are  selected  for  minimum  erosion.  Electro-static  dust  precipitors  in  the  gas  circulation  channel  clean  the  gas  from  still 
remaining  eroded  materials.  The  result  is  a  gas  lifetime  which  is  for  fluorine  based  excimers  approximately  one  order  of 
magnitude  longer  than  for  the  conventional  predecessor  of  NovaTube^^  .  Fig.  1  gives  an  example  comparing  the  dynamic  gas 
lifetimes  of  both  technologies  for  an  ArF  laser  and  a  F2  laser.  While  for  an  ArF  laser  in  the  conventional  laser  tube  design  the 
gas  lifetime  is  about  2  million  shots,  in  the  NovaTube™  design  gas  lifetime  exceeds  20  million  pulses.  Even  better  is  the 
improvement  at  the  short  157nm  F2  laser:  the  gas  lifetime  increases  more  than  20-fold. 

Because  of  the  drastically  reduced  erosion  the  laser  tube  lifetime  itself  could  be  increased  significantly.  Laser  tube  lifetimes  up 
to  4  billion  pulses  (KrF)  and  up  to  10  billion  pulses  (XeCl)  could  be  reached  recently.  Both  the  increased  gas  lifetime  as  well 
as  the  substantially  longer  tube  lifetimes  lead  to  the  reduction  of  operational  costs  by  half  an  order  of  magnitude  in  an 
industrial  environment  bringing  production  costs  significantly  down. 
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Dynamic  Gas  Lifetime  ArF,  300  Hz,  18  Watt, 
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Fig.  1  ;  Comparison  of  the  dynamic  gas  lifetime  for  ArF  (upper)  and  F2  (lower) 

One  of  the  drawbacks  of  excimer  lasers  in  an  industrial  or  medical  environment  is  the  need  of  external  and  often  very 
expensive  gas  installations  for  the  halogen  gases  fluorine  and  chlorine.  Therefore  the  development  of  Halosafe™  halogen 
generators  both  for  fluorine  and  chlorine  which  can  be  integrated  directly  into  the  laser  is  another  important  step  to  reduce 
cost  and  to  improve  safety.  The  principle  of  the  halogen  generator  is  shown  for  the  example  of  a  fluorine  generator  in  Fig.  2. 
A  closed  can  contains  a  solid  non-hazardous  fluorine  compound.  The  container  is  normally  at  room  temperature.  To  activate 
the  fluorine  generation  the  container  is  heated  to  a  given  temperature.  Fluorine  is  released  from  the  solid  compound  into  gas 
phase.  A  valve  is  opened  and  the  fluorine  is  filled  into  an  accumulator.  Switching  off  the  heater  of  the  first  container  stops 
the  fluorine  generation.  To  fill  the  laser  tube  with  the  necessary  fluorine  is  diluted  with  buffer  gas  in  a  ratio  of  approximately 
1:20.  This  mixture  is  then  used  to  fill  the  laser  chamber.  The  capacity  of  current  halogen  generators  allows  approximately 
100  fills  of  the  laser  tube.  Empty  generators  are  exchanged  in  the  field  by  new  ones  and  are  rechargeable  in  the  factory.  In 
addition  to  major  cost  savings  one  of  the  advantages  of  halogen  generators  is  the  equally  high  quality  of  the  gas.  The  purity  of 
the  halogen  gases  from  the  HaloSafe™  fluorine  generator  is  99.98%  in  comparison  to  99.60%  from  high  quality  gas  bottles. 
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Fig.  2  :  Schematic  of  the  HaloSafe™  Fluorine  generator 

3.  HIGH  POWER  EXCIMER  LASERS  FOR  MICROMACHINING.  ANNEALING  AND  MARKING 

Several  types  of  high  power  lasers  for  industrial  use  have  been  developed  during  the  last  years  which  feature  high  stability  and 
long  gas  lifetime. 
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3.1 


Industrial  XeCI  lasers 


The  industrial  XeCl  Laser  LAMBDA  4308  has  been  especially  developed  for  micromachining  and  TFT  annealing  applications. 
The  laser  features  high  average  power  (of  up  to  270W)  and  high  pulse-to-pulse  energy  stability.  Fig.  3a  gives  an  example  of 
the  dependence  of  average  output  power  on  the  repetition  rate  of  the  laser.  Fig.  3b  shows  the  stabilized  average  power  at 
200W  over  more  than  50  million  pulses  gas  lifetime.  The  high  voltage  in  the  diagram  is  for  demonstration  of  the  stabilization 
algorithm:  an  increase  in  high  voltage  compensates  for  the  decrease  in  output  power  due  to  chlorine  depletion.  Jumps  in  the 
high  voltage  to  lower  values  occur  when  a  small  amount  of  chlorine  is  injected  into  the  laser  tube.  Recently  due  to 
improvement  of  gas  circulation  and  discharge  optimization  the  pulse  to  pulse  stability  of  the  output  could  be  improved  from 
3%  down  to  2%  (standard  deviation).  Peak  to  peak  energy  stability  amounts  today  ±7%.  This  is  of  special  importance  for 
TFT  annealing  applications  since  the  energy  stability  of  the  laser  directly  translates  into  quality  of  the  TFT  displays. 


Laser  Parameters 


Power: 

Repetition  Rate: 
Pulse  Energy: 
Pulse-to-Pulse 
Stability: 

Gas  Lifetime: 


200  W 
300Hz 
670  mJ 

2% 

50  Mto.  Pulses 


Fig.  3;  a)  Output  power  versus  repetition  rate  for  the  industrial  XeCI  laser  LAMBDA  4308 
b)  Stabilized  output  power  and  high  voltage  over  more  than  50  Million  pulses. 


3.2  Industrial  XeF  lasers 

The  industrial  XeF  laser  LAMBDA  4351  has  been  developed  in  1996  for  marking,  micromachining  and  annealing 
applications.  While  currently  maximum  average  powers  of  about  lOOW  have  been  achieved  (see  Fig.  4a)  which  is  significantly 
less  than  available  from  XeCI  lasers,  the  XeF  laser  has  other  advantages.  First  the  spatial  beam  profile  is  more  homogeneous 
than  typically  achievable  for  XeCI.  Second  the  pulse  energy  stability  is  naturally  better  than  with  XeCI  (see  Fig.  4b).  Pulse  to 
pulse  energy  stability  of  about  1%  (standard  deviation)  and  peak  to  peak  energy  stability  of  better  than  ±  4%  are  expected  for 
the  near  fijture.  While  the  gas  lifetime  of  high  power  XeF  laser  is  comparable  to  that  of  high  power  XeCI  lasers  window 
contamination  plays  only  a  minor  role  in  XeF.  Window  cleaning  intervals  of  more  than  300  million  pulses  are  realistic  today. 
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Fig.  4;  a)  Output  power  versus  repetition  rate  for  the  industrial  XeF  LAMBDA  4351 . 
b)  Pulse  energy  stability  in  dependence  on  repetition  rate 

3.3  High  power  KrF  and  ArF  lasers 
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Fig.  5:  a)  Output  power  versus  repetition  rate  fot  the  industrial  KrF  laser  NovalLine  100. 
b)  Stabilized  output  power  and  high  voltage  over  120  million  pulse  on  a  single  fill 

Currently  under  development  is  a  new  generation  of  high  power  KrF  lasers  for  industrial  use  -  the  laser  NovaLine™  100 
which  is  going  to  be  released  in  October  1996.  This  high  efficient  laser  (efficiency  of  3.8%)  has  been  developed  for 
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micromachining  applications  with  special  emphasis  onto  stability  and  homogenous  beam  profile.  Pulse  to  pulse  energy 
stability  of  better  than  1%  (standard  deviation)  is  achieved.  Fig.  5a  shows  the  dependence  of  output  power  on  repetition  rate. 
Fig.  5b  gives  a  plot  of  the  output  power  stabilized  onto  1 70W  versus  number  of  pulses  for  a  single  gas  fill.  Again  the  high 
voltage  during  the  run  is  shown  for  comparison.  Gas  lifetimes  of  more  than  100  million  pulses  have  been  achieved. 

The  throughput  in  a  production  line  is  (as  long  as  there  is  no  process  inherent  limitation)  directly  proportional  to  the  available 
average  power.  Therefore  currently  first  investigations  are  made  for  the  development  of  high  power  KrF  lasers  for  industrial 
use  in  year  2000.  Fig.  6  gives  an  example  of  the  output  power  curve  which  has  been  recently  achieved  from  an  experimental 
KrF  discharge  module.  This  module  is  considered  to  be  the  basis  for  an  industrial  KrF  laser  with  300W  stabilised  output 
power.  Major  physical  and  technical  issues  still  remain  to  be  solved  to  achieve  the  required  stability  and  gas  lifetime  of  the 
laser. 

Several  materials  require  193nm  radiation  for  micromachining  since  at  longer  wavelength  either  the  absorption  is  too  low 
(several  glasses)  or  other  effects  (thermal  load)  limit  the  micromachining  quality.  Recently  we  have  demonstrated  a  HOW 
output  from  a  193nm  laser  (see  Fig.  7).  This  laser  is  going  to  be  developed  into  an  industrial  tool  with  above  lOOW  stabilized 
average  power  for  flexible  machining  of  optical  materials. 

Power  [W] 


Current  Experimental 
Laser  Parameters 


Power:  500  W 

Repetition  Rate:  500  Hz 

Pulse  Energy:  1 J 

Pulse-tO"Pulse 
Stability:  5% 


0  100  200  300  400  500  600 

Repetition  Rate  [Hz] 

Fig.  6  Output  power  versus  repetition  rate  for  an 
experimental  high  power  KrF  discharge  module 


Fig.  7  Output  power  versus  repetition  rate  for  an  experimental  high  power  ArF  module. 
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4.  EXCIMER  LASERS  FOR  DLfV  LITHOGRAPHY 


For  the  next  generation  of  DUV  lithography  step  and  scan  tools,  KrF  lasers  with  a  bandwidth  of  0.8pm  are  needed  with  IkHz 
repetition  rate  for  exact  dose  control  purposes.  Therefore  a  IkHz  laser  has  been  developed  with  40W  stabilized  broadband 
output  power  and  a  pulse  to  pulse  stability  of  about  1%  (standard  deviation).  To  obtain  the  required  narrow  bandwidth  of  the 
laser  output  a  new  resonator  approach  -  the  polarization  coupled  resonator  -  is  employed.  The  principle  of  the  polarization 
coupled  resonator  is  depicted  in  Fig.  8.  A  polarizing  beam  splitter  transmits  one  polarization  component  and  reflects  the 
perpendicular  polarization  component  of  the  laser  radiation.  The  line-narrowing  resonator  is  formed  between  the  line¬ 
narrowing  module  containing  grating  and  etalon  and  the  polarization  coupling  mirror  for  one  polarization  component.  Due  to 
the  use  of  the  entire  gain  volume  the  narrow  band  efficiency  (narrow  band  output  power/broad  band  output  power)  is  as  high 
as  25%.  This  results  in  narrow  band  average  powers  between  lOW  and  15W.  A  very  low  etalon  coating  load  ensures 
sufficiently  high  optical  components  lifetime. 


Polarizing 


248  nm  narrow  band  output 


Power:  •  1 0  -  1 5  W 

Efficiency:  20  -  30  % 

Bandwidth:  0.8  pm 

Power  Load  at  etalon  7  x  reduced 

Fig.  8:  Polarization  coupled  resonator  for  narrow  bandwidth  KrF  lithography. 

Power  at  HV=16kV 


Fig.  9:  Output  power  vs.  repetition  rate  for  the  polarization  coupled  resonator  based  KrF  lithography  laser. 

The  dependence  of  the  narrow  band  output  power  on  repetition  rate  is  shown  in  Fig.  9  and  the  characteristic  output 
parameters  of  the  extremely  narrow  bandwidth  laser  with  the  PCR  resonator  are  summarized  in  Table  1 
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Stabilized  output  power 

10W{1  kHz) 

repetition  rate 

0-1000  Hz 

narrow-band  efficiencv 

20-25% 

bandwidth 

0.8  pm 

spectral  purity 

(total  energy  within  +2.0  pm) 

>  95% 

beam  size  at  0.5  m  (10%) 

6x18  mm^ 

beam  divergence  (10%) 

1  X  2.5  mrad^ 

Table  1 :  Characteristic  parameters  of  the  polarization  coupled  resonator  KrF  lithography  laser 

Looking  onto  the  next  after  the  next  generation  of  DUV  lithography  tools  for  undergoing  the  0.18|am  design  rule,  ArF  lasers 
are  expected  to  be  the  light  sources  in  these  devices.  Requirements  are  similar  as  for  the  currently  available  KrF  lasers:  high 
repetition  rate,  high  stability  and  a  narrow  bandwidth  depending  on  the  actual  imaging  system.  We  have  developed  a  IkHz 
ArF  laser  which  achieves  currently  output  powers  of  up  to  1  kHz.  The  power  versus  repetition  rate  curves  as  well  as  energy 
stability  are  given  in  Fig.  10.  Several  resonators  for  narrow  bandwidth  operation  have  been  investigated  containing  different 
numbers  of  prisms  and  an  etalon  intra-cavity.  The  output  energy  for  various  bandwidths  is  shown  in  Fig.  1 1 .  The  efficiency 
of  all  the  resonators  has  to  be  improved  in  the  future  to  make  the  laser  parameters  matching  the  193nm  lithography 
requirements. 


Repetition  Rate  (Hzj 


Fig.  10;  Output  power  and  stability  for  a  1  kHz  ArF  broadband  lithography  laser  module. 

5  CONCLUSIONS 

We  have  reviewed  the  current  status  in  high  power  excimer  laser  technology  for  industrial  applications  as  micromachining, 
annealing,  marking  and  lithography.  While  currently  lasers  with  stabilized  powers  of  up  to  2000W  are  developed  we  expect 
the  300W  class  industrial  excimer  lasers  until  the  year  2000.  Special  emphasis  will  be  directed  onto  the  improvement  of  the 
current  power  level  lasers  in  stability  beam  uniformity  as  well  as  pulse  shape  stability.  Reduction  of  maintenance  and  cost  may 
be  one  of  the  driving  forces  to  develop  a  sealed-off  excimer  laser  in  future.  While  currently  industrial  ArF  lasers  have  started 
to  be  developed  for  the  use  in  future  lithography  tools,  we  see  a  general  trend  onto  new  applications  of  shorter  wavelengths  in 
micromachining  of  special  materials.  The  current  performance  of  157nm  F2  lasers  in  NovaTube™  technology  (see  Fig.  12) 
makes  us  optimistic  that  these  lasers  will  find  inroads  into  industrial  applications  in  the  next  millennium. 
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Fig.  1 1 :  Pulse  energy  in  dependence  on  the  bandwidth  achieved  with  different  ArF  narrow  band  resonators. 


Power  Vs.  Repetition  Rate  IPX  220i  Nova  Tube 


Fig.  12;  Output  power  versus  repetition  rate  of  an  F2  laser  for  scientific  application. 
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12.  HF/DF  Lasers 


Invited  Paper 

Improved  DF  performance  of  a  repetitively  pulsed  HF/DF  laser  using  a  deuterated  compound 

H.  BRUNET 

CILAS  -  Route  de  Nozay  -  91460  MARCOUSSIS  -  FRANCE 

ABSTRACT 

The  DF  performance  of  the  compact,  repetitively  pulsed  HF/DF  chemical  laser,  described  at  the  last 
GCL,  has  been  improved  by  using  C^Djj  instead  of  D2  as  deuterium  donor.  The  output  energy 
previously  achieved  with  D^  was  low,  less  than  3  J  per  pulse  compared  to  the  HF  energy  of  10  J 
obtained  with  C2Hg  as  hydrogen  donor  for  the  same  experimental  conditions.  Unfortunately,  it  was  not 
possible  to  employ  C2Dg  because  of  the  excessive  cost  of  this  deuterated  compound.  Therefore  we 
made  a  search  for  a  not  too  expensive  deuterated  hydrocarbon  and  we  found  that  C6Dj2  could  be  an 
interesting  product.  We  first  tested  C6H12  as  a  hydrogen  donor  instead  of  C2Hg  Very  good  results  were 
obtained  on  HF  emission  since  the  drop  off  in  output  energy  was  only  about  5  %.  Consequently,  CgDj2 
was  ordered  and  tested.  Output  pulse  energy  up  to  8  J  was  achieved  at  a  charging  voltage  of  43  kV  and 
a  total  pressure  of  120  torr.  In  repetitive  operation,  typical  average  power  of  450  W  was  achieved  at  a 
repetition  rate  of  65  Hz. 

Keywords  :  HF/DF  chemical  lasers,  phototriggered  electric  discharge.  SFg  gas  mixture. 

1.  INTRODUCTION 

HF  and  DF  pulsed  chemical  lasers  based  on  the  electrical  dissociation  of  SF^  are  very  attractive  because 
SFg  is  a  non-corrosive  gas  easy  to  handle.  Best  HF  laser  performances  are  obtained  by  using  C2Hg  as 
hydrogen  donor  in  the  pumping  reaction  ’ .  In  fact,  replacement  of  H2  by  C2H5  leads  to  a  laser  energy 
more  than  2  times  higher  than  that  achieved  with  H2- 

Two  main  reasons  can  explain  this  behavior.  The  first  one  is  related  to  the  kinetics  of  the  pumping 
reaction  and  the  other  to  the  discharge  stability. 

The  product  vibrationnal  energy  distribution  of  the  F  +  C2H,  reaction  is  slightly  different  of  that  of  F 
-I-  H2  and  the  reaction  rate  is  fastest  by  a  factor  of  about  7  Computer  modeling  shows  that  the  two 
effects  lead  to  an  increase  of  about  30  %  of  the  laser  energy  for  typical  discharge  conditions. 

On  the  other  hand,  recent  work  ^  has  shown  that  the  electric  discharge  stability  is  increased  by  adding 
C2H6  to  the  SFg-Ne  gas  mixture.  This  is  illustrated  by  a  doubling  of  the  duration  of  the  current  pulse,  a 
similar  increase  of  the  laser  pulse  duration  and  an  increase  by  more  than  a  factor  2  of  the  laser  energy 
compared  to  those  observed  with  H2. 

Theoretical  investigations  of  the  discharge  show  that  the  addition  of  a  small  amount  of  C2Hg  to  the  gas 
mixture  increases  significantly  the  ionisation  coefficient,  especially  at  low  E/N  values.  However,  it  is 
likely  that  more  complex  processes  are  involved  in  the  discharge  stability.  In  particular,  the  behavior  of 
the  plasma  near  the  cathode  seems  to  be  carefully  examined. 

DF  lasing  was  previously  studied  using  D2  as  the  deuterium  donor.  Poor  laser  performance  was 
achieved  with  less  than  3  J  per  pulse,  at  a  charging  voltage  of  40  kV,  for  which  a  HF  laser  energy  of 
about  10  J  was  observed  '. 

It  should  be  expected  that  efficient  DF  lasing  could  be  achieved  by  using  C2Dg  instead  of  D2. 
Unfortunately,  the  cost  of  this  deuterated  hydrocarbon  is  very  high  and  its  use  in  our  gas  loop  will  te 
too  much  expensive.  Therefore,  we  made  a  search  for  a  not  too  expensive  deuterated  hydrocarbon.  CD^ 
is  relatively  cheap  but  gives  poor  laser  performance.  We  found  that  C6D12  could  be  an  interesting 
candidate.  Before  ordering  C5DJ2 ,  we  tested  C^H^  .  Very  good  results  were  obtained  since  the  laser 
energy  was  only  slightly  lower  than  that  achived  with  C2H6  .  Consequently,  C,D,,  was  ordered  and 
tested. 
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2.  EXPERIMENTAL  ARRANGEMENT 


The  device  has  been  previously  described  in  details  Cyclo-  CgHjj  /  CgDjj  is  a  liquid  at  room 
temperature  and  is  stored  in  a  small  glass  bulb.  It  was  flowed  into  the  gas  loop  via  a  needle  valve  to 
achieve  a  convenient  hydrocarbon  partial  pressure.  Experiments  were  performed  either  on  our  standard 
laser  head  or  on  the  enlarged  one  or  on  both  the  two. 


3.  RESULTS 

A  comparison  of  the  HF  laser  energy  achieved  with  CjHij,  as  a  function  of  the  charging  voltage,  is 
shown  in  Fig.  1.  It  is  seen  that  there  is  only  a  small  decrease  of  the  laser  energy  when  CjHi2  is  used 
instead  of  CjHg. 

Before  using  as  a  deuterium  donor,  we  tested  Dj  and  also  CD4  which  is  a  relatively  cheap 

product.  Unfortunately,  as  shown  in  Fig.  2,  DF  laser  output  achieved  with  CD4  was  low.  Energy 
measurements  made  with  QDjj  together  with  those  achieved  with  Dj  and  CjHg  are  shown  in  Fig.  3.  It 
can  be  seen  that  efficient  DF  lasing  is  achieved  with  QDjj ,  the  output  energy  being  close  to  8  J/pulse  at 
a  charging  voltage  of  40  kV.  The  electrical  efficiency  is  2.2  %  which  is  a  very  good  result  since  it  is 
equal  to  about  70  %  of  the  HF  efficiency. 

In  repetitive  operation,  the  charging  voltage  had  to  be  limited  to  38  kV.  The  dependence  of  the  DF 
energy  as  a  function  of  the  repetition  rate  is  shown  in  Fig.  4.  As  seen,  the  laser  energy  decreases 
abruptly  near  65  Hz  due  to  an  insufficient  clearing  ratio.  The  maximum  average  power  achieved  was 
about  450  W. 

All  the  performances  presented  above  were  obtained  using  a  stable  optical  cavity.  However  laser  output 
achieved  with  an  unstable  cavity  (M=3.4)  was  only  slightly  lower  as  shown  in  Fig.  5. 


4.  CONCLUSION 

Efficient  DF  lasing  has  been  achieved  using  CgDi2  as  the  deuterium  donor.  Laser  output  of  8  J/pulse 
has  been  observed  from  our  device.  In  repetitive  operation,  a  maximum  average  power  of  450  W  was 
achieved  at  a  repetition  rate  of  65  Hz  with  an  electrical  efficiency  of  2.3  %. 
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ABSTRACT 

The  design  and  performance  of  a  closed  cycle  high  repetition  rate  HF  laser  is  described.  A  short  pulse,  glow  discharge 
is  formed  in  a  10  SF6: 1  H2  gas  mixture  at  a  total  pressure  of  -- 1 10  Torr  within  a  15  x  0,5  x  0.5  cm^  volume.  Transverse, 
recirculated  gas  flow  adequate  to  enable  repetitive  operation  up  to  3  kHz  is  imposed  by  a  centrifugal  fan.  The  fan  also 
forces  the  gas  through  a  scrubber  cell  to  eliminate  ground  state  HF  from  the  gas  stream.  An  automated  gas  make-up 
system  replenishes  spent  gas  removed  by  the  scrubber.  Typical  mean  laser  output  powers  up  to  3W  can  be  maintained 
for  extended  periods  of  operation. 

Keywords:  HF(DF)  lasers,  high  repetition  rate  pulsed  lasers,  closed  cycle  HF(DF)  lasers 

1.  DESIGN  PHILOSOPHY 

The  HF(DF)  laser  exploits  the  chemical  reaction  between  deuterium  and  fluorine  to  create  excited  state  HF  for  the  lasing 
process.  The  use  of  SF^  to  donate  fluorine  atoms  is  now  a  well  established  technique  which  overcomes  the  need  to  use 
fluorine  which,  particularly  in  conjunction  with  H2,  creates  undesirable  handling  and  containment  problems. 

The  SFg  is  forced  to  donate  fluorine  atoms  by  means  of  high  energy  electron  impact.  The  fluorine  atoms  so  produced  are 
available  to  react  with  deuterium  to  form  excited  state  HF  molecules.  A  glow  discharge  is  essential  to  provide  sufficiently 
energetic  electrons  to  crack  SF^.  In  order  to  facilitate  creation  of  such  discharges,  and  to  avoid  voltages  becoming 
excessively  high,  discharges  transverse  to  the  optical  axis  are  commonly  employed. 

The  operation  of  a  transverse  discharge  gas  laser  at  high  repetition  rate  introduces  the  need  to  impose  high  transverse  gas 
flow  (mutually  transverse  to  the  optical  axis  and  to  the  discharge)  to  remove  "spent”  gas  from  the  discharge  volume  and 
replace  this  with  fresh  gas.  Previous  experience  of  operating  pulsed  carbon  dioxide  lasers  at  high  repetition  rate  has  shown 
that  a  minimum  of  3  changes  of  the  gas  within  the  discharge  volume  between  shots  is  essential.  Since  the  stability  of  the 
discharge  in  the  HF  laser  is  more  critical  than  the  COj  laser  it  can  be  expected  that  more  than  3  gas  changes  between 
shots  will  be  required.  The  purpose  of  replacing  the  gas  in  this  manner  is  to  remove  density  perturbations  arising  from 
gas  heating  by  the  electrical  discharge.  In  the  HF  laser  it  is  also  imperative  that  ground  state  HF  molecules  are  swept  out 
of  the  gain  volume  as  they  represent  significant  absorptive  loss  to  the  lasing  process.  If  the  laser  is  to  be  operated  in 
closed  cycle  form  so  that  the  gas  is  recirculated  for  continuous  use,  then  HF  must  be  eliminated  from  the  gas  stream 
before  it  is  recycled  to  the  discharge  region.  The  HF  removal  is  performed  in  a  cell  commonly  referred  to  as  a  "scrubber". 

For  the  purposes  of  this  discussion  it  is  convenient  to  break  down  the  high  repetition  rate  HF  laser  into  4  separate  but 
interactive  sub-assemblies.  These  are  the  discharge  structure,  the  gas  flow  and  re-circulation  system,  the  HF  removal  cell, 
and  the  optical  resonator. 

The  discharge  structure  is  designed  to  create  suitable  conditions  for  a  pulsed  glow  discharge  to  be  formed  in  SF^  and  H2 
gas  mixtures.  Glow  discharges  in  SF^  containing  mixtures  are  difficult  to  form  and  maintain  against  collapse  into  arc 
discharge  due  to  the  highly  electronegative  nature  of  the  gas.  For  this  reason  it  is  essential  to  utilise  structures  formed 
from  carefully  profiled  electrodes,  and  the  technology  used  here  is  based  on  that  originally  developed  for  CO2  TEA  laser 
use  in  which  the  glow  discharge  is  struck  between  a  pair  of  Rogowski  profiled  electrodes. 
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A  pre-requisite  for  volume  glow  discharge  formation  is  a  background  level  of  ionisation  typically  greater  than  about  10’ 
electrons  cm*^.  This  pre-ionisation  is  created  here  by  an  intense  pulsed  UV  source  synchronous  with  the  discharge  pulse. 
Three  variations  of  such  pre-ionisation  schemes  were  examined  during  the  course  of  this  work. 

A  final  requirement  for  achieving  stable  glow  discharges,  particularly  in  these  aggressive  SF^  containing  gas  mixtures, 
is  that  the  energy  should  be  deposited  rapidly  so  that  the  discharge  can  be  completed  in  a  timescale  shorter  than  that 
required  for  arc  formation.  This  means  that  typical  discharge  pulse  lengths  are  in  the  vicinity  of  50  ns  and  attention  must 
be  paid  to  the  selection  of  the  rapid  discharge  circuit  components  and  to  the  circuit  layout. 

The  gas  circulation  system  comprises  a  fan  or  blower  to  propel  the  gas  around  duct  work  and  flow  guides  which  direct 
the  gas  through  the  discharge  structure  and  scrubber  cell  in  turn.  High  repetition  rate  operation  demands  high  flow 
velocity  which  limits  the  choice  of  blower.  Since  the  pressure  gradient  induced  by  impedance  to  gas  flow  by  the  duct 
work  and  structures  within  the  duct  work  increases  as  the  square  of  flow  velocity,  high  flow  speeds  require  a  blower 
capable  of  driving  the  gas  flow  against  a  high  back  pressure. 

For  purposes  of  experimental  convenience  the  design  of  the  laser  has  adopted  the  approach  of  separating  the  circulation 
fan,  scrubber  unit  and  discharge  head  and  interconnecting  them  with  sections  of  tubular  ducting.  This  approach  results 
in  a  large  and  cumbersome  device  but  does  allow  the  separate  elements  to  be  individually  characterised  and  optimised, 
thus  enabling  maximum  understanding  and  design  information  to  be  gleaned. 

The  role  of  the  scrubber  unit  is  to  eliminate  HF  from  the  circulating  gas  stream.  It  is  necessary  to  present  the  surfaces 
of  the  scrubber  material  to  the  gas  stream  so  that  good  contact  is  made  with  all  the  gas  without  introducing  an  excessively 
high  pressure  differential. 

The  process  of  HF  removal  rapidly  leads  to  significant  loss  of  the  SF^  and  H2  fuel  gases  which  then  require  replenishment. 
This  can  be  readily  performed  by  means  of  a  pressure  sensitive  servo  valve  which  automatically  admits  an  appropriate 
mixture  of  SF^  and  H2  as  required. 

The  optical  resonator  is  an  essential  component  in  any  laser.  The  resonator  has  not  been  regarded  as  an  issue  in  this  study 
and  has  therefore  not  been  subject  to  optimisation.  A  simple  resonator  has  been  provided  to  ensure  that  lasing  takes  place 
and  to  provide  a  laser  output  which  can  be  used  as  a  tool  to  monitor  the  performance  of  the  other  sub-assemblies. 

2.  CONSTRUCTION 

The  discharge  structure  was  formed  from  a  pair  of  Rogowski  profiled  electrodes  defining  a  discharge  volume  5  x  5  x 
150mm^  Assuming  an  SF^  pressure  of  100  Torr  and  an  E/P  of  120Vcm‘^  Torr‘‘  results  in  a  discharge  maintenance 
voltage  of  6kV  for  the  0.5cm  gap. 

Once  the  discharge  dimensions  have  been  set  the  gas  flow  rate  can  be  determined  and  a  suitable  circulation  fan  selected. 
The  need  to  provide  several  gas  changes  between  shots  with  an  adequate  allowance  for  gas  by-passing  results  in  a 
volumetric  flow  rate  of  about  2000fmin'*.  The  high  flow  velocity  through  the  discharge  structure  results  in  a  large 
pressure  gradient  enforcing  the  selection  of  a  centrifugal  blower. 

Measurements  of  flow  impedance  of  3mm  zeolite  pellets  indicated  that  a  scrubber  ceil  of  internal  diameter  3  00mm  holding 
a  maximum  depth  of  pellets  of  i20mm  would  introduce  of  pressure  drop  not  greater  than  0.5  Torr.  This  ensured  that 
the  maximum  flow  impedance  is  introduced  by  the  discharge  structure. 

3.  PERFORMANCE 

The  laser  performance  was  examined  using  3  types  of  preioniser  (PI).  Two  PI  schemes  were  arc  array  type  whilst  the 
third  scheme  was  a  silicon  based  distributed  resistance  corona  PI.  The  first  arc  array  scheme  studied  was  a  sliding  spark 
array  in  which  the  arcs  were  fired  in  series  between  T  pins  capacitively  coupled  to  ground.  This  scheme  was  rejected 
as  the  large  voltage  reversal  encountered  during  running  of  the  arc  array  tended  to  cause  the  thyratron  to  latch  into  a 
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conductive  state.  The  other  arc  array  approach,  is  one  which  is  commonly  adopted,  involving  running  the  arcs  in  series 
to  charge  coupling  capacitors  which  also  act  as  "peaking"  capacitors  in  the  rapid  discharge  circuit.  This  scheme  worked 
well  operating  with  a  single  array  downstream  of  the  main  discharge  volume.  The  distributed  resistance  silicon  slice 
preioniser  was  constructed  so  that  the  slices  lay  in  the  plane  of  the  gas  flow  to  minimise  flow  impedance.  This  PI 
operated  reliably  although  rather  lower  discharge  energy  loadings  were  permitted  when  compared  with  the  arc  array 
limiting  the  output  power  to  about  IW. 

The  table  below  summarises  the  range  of  conditions  explored  and  the  performance  obtained  using  the  arc  array  PI 
arrangement.  A  10  SF^  :  1  H2  gas  mixture  was  used  throughout  since  the  output  power  was  found  to  reach  a  broad 
optimum  in  the  vicinity  of  this  ratio. 


SFg  Pressure 

Repetition  Rate 

Output  Power 

(Torr) 

(kHz) 

(W) 

100 

1.0 

2.5 

100 

1.4 

2.2 

100 

1.5 

2.1 

60 

1.5 

1.2 

60 

2.0 

1.4 

60 

2.4 

1.2 

60 

3.0 

0.8 

50 

3.0 

0.75 

The  fall  off  of  output  power  and  the  need  to  reduce  the  SF^  pressure  with  increased  rep-rate  indicates  that  the  gas 
circulation  rate  is  marginal.  Figure  1  summarises  a  sealed  run  performed  using  this  discharge  configuration.  The 
improving  performance  with  accumulated  number  of  shots  arises  from  the  improving  pre-ionisation  resulting  from  an 
increased  arc  length  due  to  erosion  of  the  tungsten  arc  pins.  Over  the  course  of  the  3.5  million  shot  run  the  arc  gap 
increased  from  about  1mm  to  almost  4mm.  The  silicon  PI  arrangement  showed  much  less  erosion  than  the  arc  array  and 
appears  to  be  a  more  promising  candidate  for  very  long  life  operation. 

The  rate  of  consumption  of  fuel  gases  was  assessed  by  a  combination  of  total  gas  pressure  measurement  and  discharge 
maintenance  voltage  measurement.  As  the  H2  was  consumed  in  the  formation  of  HF,  which  was  subsequently  adsorbed 
onto  the  scrubber,  the  total  gas  pressure  fell  indicating  the  rate  of  H2  usage.  The  SF^  concentration  could  be  monitored 
by  measurement  of  the  main  discharge  maintenance  voltage  providing  a  rate  for  SF^  consumption.  The  SF^  was  found 
to  be  consumed  at  half  the  rate  for  H2.  If  each  H2  molecule  is  assumed  to  contribute  to  the  formation  of  2  HF  molecules 
the  HF  generation  rate  can  be  deduced  from  the  H2  usage  rate.  The  HF  generation  rate  was  found  to  be  close  to  5  x  10^^ 
molecules  s'*  W“*. 


4.  CONCLUSIONS 

A  pulsed  HF  (DF)  laser  generating  a  mean  output  power  in  the  vicinity  of  1 W  and  operating  at  repetition  rates  around 
1  kHz  has  been  constructed  and  characterisation  experiments  performed.  The  principal  findings  are:- 

•  The  rate  at  which  HF  (DF)  is  generated  has  been  determined  to  be  approximately  5  x  10’^  molecules  s'*  W'*. 

•  Ground  state  HF  causes  large  reduction  of  the  laser  output  power,  severe  power  loss  (~  50%)  is  created  at 
concentrations  -  10*^  cm■^ 

•  The  fuel  gases  SF^  and  H2(D2)  are  shown  to  be  consumed  in  the  ratio  1  SF^  :  2  H2,  i.e.  each  SF^  molecule  appears 
to  donate  4  fluorine  atoms.  Gas  make-up  to  replace  the  gas  consumed  in  the  formation  of  HF  can  be  replaced  from 


a  cylinder  of  SF^,  Hj  mixture  or  from  a  separate  supply  of  each  gas.  For  long  term  closed  cycle  operation  the  latter 
technique  might  be  preferable  in  case  the  above  stoichiometry  is  not  adhered  to  exactly.  In  this  approach  the  discharge 
voltage  has  been  demonstrated  to  provide  a  suitable  measure  of  SF^  concentration,  whilst  total  pressure  can  provide 
adequate  indication  for  H2  addition. 

The  primary  limit  to  laser  lifetime  is  the  pre-ioniser.  The  semiconductor  pre-ioniser  having  a  lower  rate  of  erosion 
shows  advantage  over  arc  array  schemes.  The  laser  efficiencies  achieved  with  semiconductor  and  arc  array  PI  schemes 
are  similar  although  the  arc  arrays  permit  higher  specific  power  density. 

The  high  gas  velocity  requirement  resulting  from  high  repetition  rate  operation  forces  selection  of  a  centrifugal 
blower.  Since  the  pressure  drop  which  the  circulation  fan  has  to  work  against  increases  as  the  square  of  the  gas 
velocity  a  few  kHz  appears  to  represent  a  practical  limit  to  the  repetition  rate  where  the  power  drawn  by  the  fan 
motor  introduces  a  factor  of  2  reduction  in  the  overall  laser  efficiency. 


Fig  1.  Arc  array  PI  laser  performance 
in  closed  cycle  with  automated 
gas  make  up. 
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ABSTRACT 

A  diffraction  grating  was  used  in  the  Littrow  and  off-Littrow  configurations  to  select  the  lines  in  a  cw  HF  stable 
resonator.  The  beam  is  outcoupled  through  a  partially  reflective  mirror.  Single  line  Littrow,  single  line  off-Littrow,  and 
off-Littrow  line  pair  performance  were  measured.  For  the  first  time,  as  far  as  we  know,  in  the  operation  of  chemical  lasers, 
Littrow  and  off-Littrow  lines  lased  simultaneously.  Two  line  (one  Littrow  line,  one  off-Littrow  line)  and  three  line  (one 
Littrow  line,  two  off-Littrow  lines)  Littrow/off-Littrow  line  combinations  were  demonstrated.  The  grating  reflectivity  was 
a  strong  function  of  the  polarization  of  the  laser  beam.  Data  indicated  that  the  grating  generated  a  beam  whose  polarization 
was  perpendicular  to  the  grating  grooves. 

Keywords:  line  selection,  Littrow,  off-Littrow,  cw  HF  laser 

L  INTRODUCTION 

The  HF  chemical  laser  is  a  multiline  device.  Because  of  this,  and  the  density  variations  in  the  supersonic  flow  field, 
phase  front  aberrations  occur.  The  phase  front  aberrations  limit  the  far  field  focus  that  can  be  obtained.  One  process  for 
correcting  the  phase  front  aberrations  in  the  output  beam  uses  the  Stimulated  Brillouin  Scattering  (SBS)  process.  Since 
there  is  a  threshold  input  power  for  the  SBS  process  to  occur,  each  line  in  the  multiline  beam  must  be  above  this 
threshold.  Because  the  HF  laser  is  a  multiline  device  and  typically  has  several  lines  below  this  threshold,  it  is  desirable  to 
operate  the  HF  laser  on  only  a  few  lines  so  that  all  of  them  will  have  the  requisite  threshold  power  to  utilize  the  SBS 
process.  This  requirement  brings  to  the  forefront  a  question  that  has  been  of  interest  ever  since  it  was  shown  that  the  HF 
laser  operated  on  many  lines  simultaneously:  what  fraction  of  the  multiline  performance  can  be  achieved  when  a  cw  HF 
laser  is  operated  on  a  selected  number  of  lines  ?  The  purpose  of  this  work  is  to  investigate  line  selected  performance 
experimentally  and  with  computer  simulations  to  understand  the  underlying  physical  processes  responsible  for  line  selected 
performance  and  to  determine  the  conditions  required  to  optimize  line  selected  performance. 

2.  THE  CW  HF  LINE  SELECTED  RESONATOR 
2.1  Littrow  and  off-Littrow  line  selection 

The  arc  driven  cw,  supersonic  HF  chemical  laser  (SSL)  can  be  operated  with  only  one  or  two  lines  lasing  using  the  line 
selected  resonator  demonstrated  by  Chodzko^’^.  In  this  application,  a  diffraction  grating  is  used  to  select  the  lines.  The 
fundamental  equation  that  describes  the  direction  of  diffracted  radiation  is  the  "grating  equation"^ 

sin0+jjj  =  ±  [(mX/d)  ±  sin0  j]  ( 1 ) 

where  0 is  the  angle  of  the  diffracted  order  m,  X  is  the  wavelength,  d  is  the  groove  spacing,  the  +  sign  is  used  for  the 
positive  order,  the  —  sign  for  the  negative  order,  and  0^  is  the  angle  of  incidence  at  which  the  radiation  strikes  the  grating. 
All  angles  are  measured  from  the  normal  to  the  plane  of  the  grating. 

For  each  wavelength  that  strikes  the  grating,  there  are  three  beams  associated  with  each  diffracted  order:  the  positive 
m^^  order,  negative  m^^  order,  and  zeroth  (m=0)  order.  The  direction  of  the  zeroth  order  diffraction  is  the  same  for  each 
wavelength.  Thus,  the  zero  order  beam  contains  all  of  the  same  wavelengths  as  the  incident  beam. 

The  grating  efficiency  determines  the  strength  of  the  zeroth  and  negative  m^^  order  diffractions.  Since  the  energy  in 
negative  m^^  and  zero  orders  is  a  loss  that  cannot  be  eliminated,  the  energy  in  these  orders  should  be  minimized. 

In  the  Littrow  configuration,  which  occurs  when  the  positive  m^^  order  diffracted  angle  is  equal  to  the  incident  angle, 
the  positive  m^^  order  diffracted  beam  is  reflected  back  on  the  same  path  as  the  incoming  beam.  The  incident  angle  at 
which  this  occurs  is  called  the  Littrow  angle.  To  select  a  line  using  the  Littrow  configuration,  the  grating  is  rotated  to  the 
Littrow  angle  for  that  line^.  Since  each  wavelength  has  a  different  Littrow  angle,  only  one  Littrow  line  can  be  selected  at  a 
time.  Lasing  occurs  between  the  diffraction  grating  and  a  partially  reflective  mirror,  denoted  the  "outcoupler". 

In  the  off-Littrow  configuration,  lines  are  selected  by  the  appropriate  placement  of  feedback  mirrors.  In  this 
configuration,  the  angle  of  the  m^^  order  diffracted  beam  is  related  to  the  incident  angle  by  Eq.  (1).  To  select  an  off- 
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Littrow  line,  a  feedback  mirror  is  placed  at  the  location  of  the  first  order  diffraction  of  that  line.  Due  to  space  limitation,  a 
maximum  of  two  off-Littrow  lines  can  be  selected  in  the  cw  HF  line  selected  resonator. 

Although  simultaneous  lasing  in  the  Littrow  and  off-Littrow  orientations  had  not  been  reported  in  the  operation  of 
chemical  lasers,  grating  theory  indicates  that  it  should  be  possible.  To  obtain  the  Littrow  line,  the  grating  is  rotated  to  the 
Littrow  angle  for  that  line.  To  obtain  the  off-Littrow  lines,  the  feedback  mirrors  are  placed  at  the  locations  of  the  first 
order  diffractions  of  the  desired  lines. 

2.2  Grating  selection 

To  minimize  losses  and  cavity  length,  a  600  lines/mm  (d=  1.667  \im)  grating  diffracting  into  the  first  order  (m=l)  was 
chosen.  The  line  selected  resonator  was  designed  to  operate  for  different  combinations  of  the  lines  Pi (3-1 1)  and  P2(3-l  1). 
The  lines  that  are  likely  to  give  the  largest  fraction  of  multiline  performance  are  the  peak  gain  lines.  Since  the  intensity  of 
a  line  depends  on  how  close  it  is  to  the  grating’s  blaze  wavelength  (A-Biaze)?  ^Blaze  was  chosen  close  to  the  center  of  the 
peak  gain  line  wavelength  range  (between  Pi (4)  and  P2(8)),  2.7755  jim. 

2.3  Description  of  the  diffraction  gratings  used  in  the  cw  HF  line  selected  resonator 

Three  diffraction  gratings  have  been  used  in  the  line  selected  resonator.  The  coating  of  Grating  1  continuously 
degraded  over  time.  Grating  3,  which  was  manufactured  in  the  same  way  as  Grating  1,  degraded  almost  immediately  after 
it  was  first  used.  This  is  the  same  behavior  that  was  noted  with  Grating  1 .  It  was  thought  that  the  degradation  of  Grating 
1  was  due  to  a  long  term  exposure  to  the  atmosphere.  Grating  3  was  stored  in  a  desiccator  to  avoid  this  problem.  The 
degradation  of  Gratings  1  and  3  was  caused  by  heating  due  to  the  intracavity  flux. 

The  Grating  2  manufacturing  process  was  designed  to  prevent  coating  degradation  due  to  incident  heat  flux.  To  protect 
Grating  2  from  the  moisture  in  the  atmosphere,  it  was  stored  in  a  desiccator  when  not  in  use.  Repeatable  data  were 
obtained  with  Grating  2  for  approximately  9  months.  Recently,  Grating  2  has  shown  signs  of  degradation. 

Prior  to  degradation,  Gratings  1  and  3  were  more  efficient  than  Grating  2.  Thus,  a  grating  that  is  capable  of  producing 
repeatable  data  (i.e.  one  that  does  not  rapidly  degrade)  and  that  has  the  efficiency  of  Gratings  1  and  3  is  desired.  The 
grating  manufacturer  has  suggested  a  new  manufacturing  process  that  should  produce  such  a  grating. 

2.4  Experimental  layout  of  the  line  selected  resonator 

In  order  to  eliminate  Brewster  window  losses,  the  entire  resonator  was  placed  in  vaccuum  boxes  (VB)  specifically 
designed  for  the  line  selected  stable  resonator.  To  measure  the  power  diffracted  into  the  zeroth  and  negative  first  orders, 
these  orders  are  transmitted  through  a  CaF2  window.  Figure  1  shows  the  experimental  setup  of  the  line  selected  resonator. 
A  HeNe  laser  is  used  to  align  the  resonator.  One  power  meter  is  placed  on  the  partially  reflective  mirror  side  to  measure 
outcoupled  power.  A  second  power  meter  is  used  to  measure  the  power  in  the  negative  first  and  zero  order  beams.  A 
Monolight  scanning  monochrometer  is  used  on  the  outcoupled  side  to  determine  the  lines  that  are  present  in  the  beam. 
Translation  stages  inside  each  VB  allow  the  optical  axis  position  to  be  easily  varied.  The  outcoupler,  grating,  and 
feedback  mirror  mounts  are  all  water  cooled.  Horizontal  and  vertical  alignment  of  the  outcoupler  and  vertical  alignment 
and  rotation  of  the  grating  under  vaccuum  were  accomplished  with  motorized  micrometers.  To  prevent  the  lasant  flow 
from  leaking  into  the  VB  and  getting  trapped  there,  a  pair  of  purge  ducts  were  attached  to  the  side  of  the  laser  body  inside 
the  VB. 


Discharjtf 


503 


3.  EXPERIMENTAL  RESULTS 

All  of  the  following  data  were  measured  on  the  SSL.  The  resonator  consisted  of  the  2  meter  concave  (2mCC)  73% 
reflective  outcoupler,  the  diffraction  grating,  and,  for  off-Littrow  lines,  Si  Enhanced  Total  Reflector  (ETR)  feedback 
miiTor(s)  (99.5%  reflective).  Grating  2,  prior  to  degradataion,  was  used  to  obtain  Littrow,  off-Littrow,  and  multiple  line 
selected  data.  Grating  3,  prior  to  degradation,  was  used  to  obtain  Littrow  data. 

The  zero  order  diffraction  was  detected  for  all  of  the  measured  lines.  The  negative  first  order  diffraction  was  detected 
for  all  of  the  measured  off-Littrow  lines.  Pv,l(J)  denotes  a  Littrow  line  and  Pv,OL0)  denotes  an  off-Littrow  line. 

3.1  Single  line  Littrow  results 


1  0  Vibrational  Band  2^  1  Vibrational  Band 

Figure  2.  Littrow  results  for  Gratings  2  and  3. 

For  Grating  2,  the  zero  order  power  was  16%-85%  of  the  outcoupled  Littrow  power,  Fig.2.  For  Grating  3,  the  zero 
order  power  was  0.8%-45%  of  the  outcoupled  Littrow  power,  Fig.2.  Since  the  zero  order  beam  powers  are  much  smaller 
for  Grating  3  than  for  Grating  2,  the  pristine  Grating  3  was  much  more  efficient  than  the  pristine  Grating  2. 

There  is  very  little  difference  between  the  measured  total  (outcoupled  +  zero  order)  powers  for  the  two  gratings.  Since 
the  zero  order  power  for  Grating  3  is  much  smaller  than  that  for  Grating  2,  this  means  that  the  outcoupled  power  for 
Grating  3  is  almost  equivalent  to  the  total  power  for  Grating  2.  Thus,  the  more  efficient  Grating  3  places  the  majority  of 
the  total  Littrow  power  in  the  useful  outcoupled  beam. 

3.2  Single  line  off-Littrow  results 

Single  line  off-Littrow  data  were  measured  with  Grating  2  for  Pl(7),  Pi (8),  P2(6),  and  P2(7).  The  incident  angle  of 
the  grating  was  chosen  so  that  the  angle  between  the  input  beam  and  the  first  order  diffraction  was  10°.  For  each  line,  the 
total  off-Littrow  power  was  smaller  than  the  corresponding  total  Littrow  power  for  that  line.  The  total  powers  in  P^OLC^) 
and  Plol(8)  were  51%  and  48%  of  the  total  powers  in  Ptl(7)  and  Pll(^)?  respectively.  The  total  powers  in  P2,0L(6) 
and  P2,0L(7)  were  67%  and  81%  of  the  total  powers  in  P2,L(^)  P2,L(7)»  respectively.  In  the  off-Littrow  experiment, 

the  beam  strikes  the  grating  twice.  Thus,  the  effect  of  an  inefficient  grating  is  cumulative  in  the  off-Littrow  experiment. 

3.3  Multiple  Line  Selected  Results 

Off-Littrow/off-Littrow  (OL/OL)  line  combinations  were  measured  with  Grating  2,  Table  1 .  For  the  first  time  in  the 
operation  of  chemical  lasers,  simultaneous  lasing  of  Littrow  and  off-Littrow  lines  were  demonstrated.  Littrow/off-Littrow 
(L/OL)  and  Littrow/off-Littrow/off-Littrow  (L/OL/OL)  line  combinations  were  measured.  Table  1 . 


Littrow 

Line  1  (OL) 

Line  2  (OL) 

Poufr  Watts) 

Pnfl(Watts> 

Pnf2fWatts') 

Pzerof  Watts) 

PtotCWatts) 

P2(6) 

Pl(7) 

0.68 

0.25 

0.49 

0.70 

2.12 

P2(8) 

Pl(7) 

10.37 

2.13 

6.62 

1911 

P2(8) 

Pl(7) 

Pl(6) 

10.58 

1.72 

1.08 

6.64 

20.02 

P2(9) 

Pl(8) 

6.27 

0.82 

3.19 

10.28 

P2(9) 

Pl(8) 

Pl(6) 

6.27 

0.53 

0.14 

3.35 

10.29 

P2(7) 

Pl(8) 

10.45 

2.23 

6.91 

19.59 

P2(7) 

Pl(8) 

3.92 

1.06 

0.49 

2.55 

8.02 

P2(7) 

Pl(7) 

8.88 

1.94 

5.85 

16.67 

Table  1  -  Multiple  Line  Selected  Results 
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The  addition  of  Pi^OL(6)  to  the  L/OL  line  pairs  P2,L(8),  Pi,OL(7)  and  P2,L(9),  Pi,OL(8)  had  very  little  effect  on  the 
total  power. 

The  same  cascade  pair,  P2(7),  Pi(8)  was  obtained  for  both  the  L/OL  and  OL/OL  cases,  Table  1.  The  P2,0L(7), 
P1,0L(8)  OL/OL  pair  total  power  was  59%  smaller  than  the  P2,l(7),  Pi,OL(8)  L/OL  pair  total  power.  Thus,  the  L/OL 
pair  had  a  substantially  higher  performance  than  the  OL/OL  pair. 

4.  DIFFRACTION  GRATING  REFLECTIVITY 

To  make  a  proper  comparison  between  line  selected  and  multiline  performance,  the  reflectivity  of  the  outcoupler  must 
be  the  same  for  the  multiline  and  line  selected  resonators.  The  reflectivity  of  the  other  mirror  in  the  multiline  resonator 
must  be  the  same  as  that  of  the  diffraction  grating.  Thus,  the  reflectivity  of  the  grating  must  be  determined. 

Reflectivity  measurements  were  performed  on  Gratings  2  and  3,  prior  to  their  degradation,  with  the  following  types  of 
single  line  probe  beams:  polarization  vector  parallel  to  the  grating  grooves  ("parallel  probe  beam"),  polarization  vector 
perpendicular  to  the  grating  grooves  ("perpendicular  probe  beam"),  and  unpolarized  ("unpolarized  probe  beam").  The  first 
order  reflectivity  (R\)  and  zeroth  order  reflectivity  (Ro)  of  the  gratings  for  the  single  line  Pi(8)  were  measured  as  a  function 
of  incident  angle.  Measurements  were  made  within  10°  of  the  Littrow  angle  for  Pi (8).  The  negative  first  order  diffraction 
was  not  detected.  Within  xl0°  of  the  Littrow  angle,  both  Riand  Rq  are  fairly  constant.  The  results  of  the  reflectivity 
measurements,  averaged  over  incident  angle,  are  summarized  in  Table  2. 


Grating 

Parallel  Polarization 

Rl  Ro 

Perpendicular  Polarization 

Rl  Ro 

Unpolarized 

Rl  Ro 

2 

3.74  89.8 

67.2  22.2 

38.5  50.3 

3 

4.38  89.2 

79.3  3.16 

44.0  43.0 

Table  2  -  Reflectivity  Results  for  Gratings  2  and  3  (averaged  over  incident  angle)  for  Pi (8), 


Both  gratings  are  least  efficient  when  the  polarization  vector  is  parallel  to  the  grooves  and  most  efficient  when  the 
polarization  vector  is  perpendicular  to  the  grooves.  For  the  unpolarized  probe  beam,  the  efficiency  of  both  gratings  falls  in 
between  the  parallel  and  perpendicular  polarization  results.  The  reflectivity  results  obtained  for  both  gratings  with  the 
parallel  probe  beam  are  similar.  The  reflectivity  measurements  for  the  perpendicular  polarized  and  unpolarized  probe  beams 
clearly  show  that  Grating  3  is  more  efficient  than  Grating  2,  Table  2. 

Measurements  made  with  an  unpolarized  single  line  probe  beam  have  shown  that  the  reflectivities  of  Gratings  2  and  3 
are  a  strong  function  of  wavelength.  For  both  gratings,  Rq  decreased  and  R\  increased  as  the  wavelength  increased.  For 
wavelengths  less  than  the  blaze  wavelength,  Rq  was  larger  than  R\,  Among  the  measured  lines,  the  one  with  the 
wavelength  closest  to  the  blaze  wavelength  (A<Blaze  ~  2.7755  |im)  was  Pi (8)  (A.=2.7826  |im).  For  both  gratings,  Rq  was 
slightly  larger  than  Ri  for  Pi (8).  For  wavelengths  greater  than  that  of  Pi (8),  Rq  was  smaller  than  Ri .  The  more  efficient 
Grating  3  had  a  larger  Ri  and  a  smaller  Rq  than  the  less  efficient  Grating  2  for  each  of  the  measured  lines. 

5.  POLARIZATION  OF  THE  LINE  SELECTED  OUTPUT  BEAMS 

Since  the  grating  reflectivity  is  a  strong  function  of  the  polarization,  the  reflectivity  of  the  grating  when  it  is  in  the  line 
selected  resonator  depends  on  the  polarization  of  the  output  beam.  To  investigate  the  polarization  of  the  laser  in  line 
selected  mode,  the  outcoupled  beam  was  passed  through  a  parallel  plate  polarization  analyzer.  Preliminary  results  indicate 
that  both  gratings  polarize  the  outcoupled  beam  so  that  its  polarization  vector  is  almost  perpendicular  to  the  grating 
grooves.  Thus,  the  reflectivity  of  the  grating  in  the  line  selected  resonator  is  given  by  the  perpendicular  probe  beam 
measurement.  Preliminary  results  also  indicate  that  the  degree  of  polarization  is  a  function  of  wavelength. 
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ABSTRACT 

The  non-chain  reaction  HF  laser  energised  by  an  X-ray  photo-triggered  discharge  has  been  studied 
for  Ne/SFg/CjHg  and  Ne/SFg/Hj  gas  mixtures.  For  an  active  volume  of  312  cm^,  a  high  specific  output 
energy  of  10  J/1  has  been  reached  with  an  electric  efficiency  of  4.7%  for  the  mixture  with  ethane,  whereas 
only  6  J/1  is  obtained  with  an  efficiency  of  3. 1%  for  the  mixture  with  hydrogen.  It  is  shown  that  discharge 
instabilities  are  responsible  for  the  laser  emission  disruption  in  the  case  of  the  Hj-mixture.  However,  addition 
of  C2H6  to  Ne/SFg,  in  place  of  Hj,  induces  the  discharge  stabilization.  The  higher  laser  performance  obtained 
with  the  C2Hg-mixture,  compared  with  the  performance  of  the  Hj-mixture,  is  a  direct  consequence  of  this 
stabilization  effect. 

Keywords:  HF  laser,  pulsed  electric  discharge,  discharge  instability,  high  pressure  SFg  plasma. 


1.  INTRODUCTION 

Performance  of  the  electrically  initiated  HF  lasers  using  Ne/SFg/RH  gas  mixtures  are  very  sensitive 
to  the  nature  of  the  RH  molecule.  The  use  of  ethane  allows  to  achieve  high  output  energy  and  efficiency, 
whereas  the  use  of  Hj  leads  to  lower  performances*"^.  In  order  to  understand  these  differences,  we  have 
investigated  the  X-ray  photo-triggered  laser  discharge  for  Ne/SFg/H2  and  Ne/SFg/C2Hg  mixtures. 

For  a  discharge  volume  of  312  cm^  an  output  laser  energy  as  high  as  3.0  J  has  been  obtained  in  the 
C2Hg-mixture^  with  an  electrical  efficiency  of  4.7  %,  whereas  the  maximum  energy  achieved  with  the  H2- 
mixture  is  only  1.75  J  with  an  efficiency  of  3.1  %.  Recent  experimental  and  theoretical  works'**^  have  shown 
that  the  F-atom  density  growth  during  the  development  of  the  discharge,  as  well  as  the  total  HF-molecule 
density,  weakly  depend  on  the  RH  molecule  type,  so  that  the  differences  on  the  laser  performance  cannot 
be  ascribed  to  different  F-atom  productions.  A  spatially  and  temporally  resolved  CCD  camera  diagnostic 
has  been  implemented  on  the  laser  structure  in  order  to  study  the  discharge  stability,  correlated  with  the 
temporal  evolution  of  the  laser  power. 
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2.  EXPERIMENTAL  DEVICES  AND  MEASUREMENTS 

Both  the  experimental  devices  and  measurements  have  been  detailed  in  references  4  and  5,  and  a 
complete  description  of  the  X-ray  photo-triggered  laser  has  been  previously  given®.  They  will  not  be 
revisited  here.  The  discharge  cell  of  the  "X525"  laser  studied  in  this  work  has  an  electrode  gap  d=2.5  cm. 
The  cathode  is  50  cm  in  length  and  is  flat  over  2.5  cm  width,  whereas  a  plate  works  as  the  anode.  The 
charging  voltage  of  the  energy  storage  line  can  be  chosen  so  that  the  corresponding  reduced  field  (E/N)^ 
can  reach  300  Td  across  the  electrodes  at  the  time  of  the  pre-ionization;  (E/N)o=Vo/(N.d),  where  N  is  the 
total  mixture  density.  All  the  results  presented  thereafter  have  been  obtained  for  a  storage  capacitance 
C=144  nF.  The  laser  cell  has  been  filled  with  a  Ne/SF^  (1/1)  mixture  at  a  total  pressure  of  118  Torr,  with 
addition  of  hydrogen  or  ethane  at  a  partial  pressure  ranging  from  4  up  to  15  Torr. 

3.  DISCHARGE  DYNAMIC  AND  LASER  EMISSION 

For  a  CjHg  or  a  H2-pressure  of  4,  7.5,  and  15  Torr,  figure  1  presents  the  laser  energy  plotted  against 
(E/N)o.  In  the  case  of  ethane  the  energy  weakly  depends  on  the  C2H6-pressure  and  monotonously  increases 
when  (E/N)„  increases.  The  maximum  energy  seems  to  be  only  limited  by  the  field  value  which  can  be 
applied  across  the  electrodes.  On  the  contrary,  the  laser  energy  obtained  with  hydrogen  strongly  depends 
on  the  field  and  H2-pressure  values. 


Fig.l  -  Laser  energy  plotted  against  the  initial  reduced  electric  field.  C=144  nF. 
Ethane  or  hydrogen  partial  pressure;  (•):  4  Torr,  (A);  7.5  Torr,  (■):  15  Torr. 


At  4  Torr  of  hydrogen  the  energy  first  increases  as  (E/N)^  increases  up  to  250  Td,  and  thus  decreases 
for  higher  (E/N)o  values.  At  1 5  Torr  the  laser  energy  obtained  with  the  two  mixtures  are  equals  for  (E/N)„ 
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less  than  250  Td,  but  for  a  higher  field  it  remains  constant  in  the  case  of  H2.  As  a  result  the  laser  energy 
obtained  with  hydrogen  cannot  raise  above  1.8  J. 


For  a  low  partial  pressure,  4  Torr,  figure  2  presents  the  temporal  evolution  of  the  current,  of  the 
voltage,  and  of  the  laser  power  obtained  at  an  initial  field  of  263  Td,  for  the  mixture  with  Hj  or  with  C2H6. 
For  that  field  value  we  measure  a  laser  energy  El=1.15  J  and  a  peak  power  Pc=50  MW  in  the  case  of 
hydrogen,  whereas  El=2.20  J  and  Pc=70  MW  for  ethane.  Camera  frames  acquired  at  the  time  of  the  peak 
power  are  given  below.  The  intensity  scale  ranges  from  black,  which  corresponds  to  areas  where  there  is 
no  plasma  fluorescence,  to  white  which  corresponds  to  saturation  of  the  detector.  Optical  attenuations  used 
in  front  of  the  CCD  camera  are  given  below  the  corresponding  frames.  The  cathode  is  located  at  the  top  of 
the  frames,  and  is  seen  in  perspective  on  more  than  three  quarter  of  its  length. 


OA:  5  dB. 


OA:  2.5  dB.  OA;  7.5  dB. 


Fig. 2  -  Time  and  spatially  resolved  diagnostic  of  the  inter-electrodes  space.  C=144  nF,  (E/N)(,=263  Td. 
Hydrogen  or  ethane  partial  pressure:  4  Torr.  The  temporal  evolution  of  the  current  (..  .),  of  the  voltage  ( — ), 

and  of  the  laser  power  ( - ),  and  the  camera  opening  ( — )  are  given  on  each  diagram.  OA:  optical 

attenuation. 


For  the  H2-mixture  in  the  conditions  of  figure  2,  the  laser  emission  occurs  about  20  ns  after  the  peak 


current.  At  that  time  a  discharge  instability  has  began  to  develop;  an  intense  and  inhomogeneous  cathodic 
luminescence  is  measured,  with  hot  spots  connected  to  plasma  inhomogeneities  in  the  discharge  volume. 
At  a  later  time  a  second  current  pulse  is  detected,  which  is  characteristic  of  a  completely  inhomogeneous 
discharged  At  a  higher  (E/N),,  value,  290  Td,  the  laser  emission  delay  time  with  respect  to  the  voltage  drop 
is  unchanged  with  respect  to  the  time  measured  at  263  Td,  but  the  instability  onset  is  closer  to  the  first  peak 
current.  As  a  result  the  laser  emission  is  much  strongly  affected  by  the  instability:  the  peak  power  is  only 
35  MW,  and  the  output  energy  is  0.75  J.  In  fact,  at  4  Torr  of  hydrogen,  the  decrease  of  the  energy  for 
(E/N)o  above  250  Td  is  due  to  the  unstable  discharge  behaviour  in  the  Ne/SFg  mixture^  addition  of  does 
not  change  the  discharge  dynamic.  However  an  increase  of  the  Hj-pressure  leads  to  a  decrease  of  the  time 
delay  between  the  peak  current  and  the  laser  peak  power,  owing  to  the  increase  of  the  HF  molecule 
production  frequency.  Thus,  at  high  concentration  of  H2,  the  laser  emission  can  appear  before  the  instability 
onset.  This  explains  that,  at  fixed  (E/N)^,  the  laser  energy  is  an  increasing  function  of  the  hydrogen  pressure. 

For  the  CjHg-nMxture,  frames  B1  and  B2  on  figure  2,  which  have  been  acquired  at  the  same  time  but 
for  a  different  optical  attenuation,  emphasize  that  the  active  medium  is  homogeneous  (Bl)  during  the  laser 
emission,  and  that  the  cathodic  luminescence  (B2)  is  homogeneously  distributed  along  the  electrode  length 
without  significative  spatial  gradient  of  intensity.  Such  results  are  obtained  for  any  ethane  pressure  higher 
than  2  Torr:  an  ethane  concentration  above  3%  induces  the  discharge  stabilization.  In  that  case,  contrary 
to  the  Hj-mixture,  the  laser  energy  is  only  determined  by  the  value  of  the  electrical  energy  which  can  be 
transmitted  to  the  active  medium,  and  by  the  intrinsic  kinetic  of  this  medium  such  as  the  fluorine  atoms 
production  rate  and  the  quenching  rates  of  the  HF  ro-vibrational  levels. 

4.  ACKNOWLEDGMENTS 

The  authors  wish  to  thank  the  DRET  for  its  financial  support  through  contract  No.  93/34092. 

5.  REFERENCES 

1.  T.  Jacobson  and  G.  Kimbell,  "Transversely  pulse-initiated  chemical  lasers;  atmospheric-pressure 
operation  of  an  HF  laser",  J.Appl.Phys.  42,  3402-3405  (1971). 

2.  H.  Brunet,  M.  Mabru,  J.  Rocca-Serra  and  C.  Vannier,  "Pulsed  HF  chemical  laser  using  a  VUV  photo- 
triggered  discharge",  Proc.SPIE  1397,  273-276  (1990). 

3.  V.  Puech,  P.  Prigent  and  H.  Brunet,  "High-efficiency,  high-energy  performance  of  a  pulsed  HF  laser 
pumped  by  photo-triggered  discharge",  Appl.Phys.B  55,  183-185  (1992). 

4.  F.  Doussiet,  M.  Legentil,  S.  Pasquiers,  C.  Postel,  V.  Puech,  L.  Richeboeuf,  "Investigations  of  a 
photo-triggered  HF  laser",  Proc.SPIE  2102,  179-190  (1996). 

5.  L.  Richeboeuf,  F.  Doussiet,  M.  Legentil,  S.  Pasquiers,  C.  Postel,  V.  Puech,  "Study  of  the  chemical 
HF  laser  pumped  by  a  photo-triggered  discharge",  to  appear  in  Proc.  SPIE  2788  (1996). 

6.  R.  Riva,  M.  Legentil,  S.  Pasquiers  and  V.  Puech,  "Experimental  and  theoretical  investigations  of  a 
XeCl  photo-triggered  laser",  J.Phys.D  28,  856-872  (1995). 


509 


Pulsed-periodical  chemical  laser  based  on  chain  reaction  of  fluorine  and  hydrogen 
with  pulse  energy  near  5  kJ  and  repetition  rate  near  IHz 


S.D. Velikanov,  G.A.Kirillov,  M.V.Sinitzyn,  V.D.Urlin,  V.V.Shchurov 


Russian  Federal  Nuclear  Center  (VNIIEF),  607190,  Sarov,  Nizhni  Novgorod  Region,  Russia 
Fax:  (831)  30  54565;  Phone;  (831)  30  56646,  e-mail:  velikan_2566(i^,rfnc. nnov.su 


ABSTRACT 

The  characteristics  of  45  litres  active  volume  chemical  laser,  which  chain  reaction  was  initiated  by  two  contrary 
electron  beams  with  1  Hz  repetition  rate,  have  been  investigated.  Maximum  single  pulse  energy  was  about  5  KJ,  radiation 
divergence  -  near  lO’"  rad. 

Keywords:  chemical  laser,  electron  beam,  pulsed-periodical  regime,  divergence  of  radiation,  energy  of  radiation. 


1.  INTRODUCTION 

The  hopefulness  of  pulsed  chemical  lasers  using  the  chain  reaction  of  fluorine  with  hydrogen  to  create  the  inversion 
of  population,  from  '-he  point  of  view  of  obtaining  the  high  specific  output  energy  and  physical  efficiency,  has  been 
performed  already  in  70th  for  the  small  pilot  models  by  many  investigators  [1,2]. 

Laser  pulses  of  several  kilojoules  energy  can  be  obtained  only  under  the  next  four  conditions: 

•  use  of  an  actuating  mixture  with  a  large  volume; 

•  use  of  a  gas  mixture  with  high  concentrations  of  fluorine  and  hydrogen; 

•  use  of  a  high  power  source  for  initiation  of  the  chemical  reaction; 

•  use  of  an  actuating  mixture  with  the  optimum  composition,  for  which  the  maximum  population 
inversion  occurs  after  the  initiation  and  chemical  reactions. 

The  results  of  the  experimental  investigation  of  pulsed-periodical  chemical  laser  with  near  45  litres  volume  and 
electron  bean  initiation  of  a  chain  reaction  of  fluorine  with  hydrogen,  are  performed  in  this  paper. 

The  difficulties  of  the  preparation  of  a  high  pressure  hydrogen  fluoride  mixture,  at  first  rate  in  a  large  volume,  have 
hindered  many  investigators  to  make  a  laser  with  high  output  power. 

We  together  with  the  employees  of  the  Russian  Scientific  Centre  of  Applied  Chemistry  (St.  Petersburg)  have 
developed  the  technology  for  preparation  of  high-concentrated  hydrogen  fluoride  mixtures  (Pf2  =  1  atm)  in  a  large  volume. 
This  serve  as  a  basis  for  making  up  a  high  power  laser. 

An  electron  beam  is  one  of  the  most  available  methods  to  initiate  the  chemical  reaction  in  a  laser  volume. 
Accelerators  posses  of  a  high  intrinsic  technical  efficiency  (near  60... 70%)  [3],  that  is  promising  for  obtaining  the  high 
efficiency  of  a  laser.  We  used  the  large  cross  section  electron  beams  propagating  across  the  optical  axis  of  the  laser.  Such 
method  is  more  advantageous  than  axial  initiation  [4]  in  energy  respect,  because  of  there  is  no  necessity  to  make  an 
external  magnetic  field,  confining  the  electron  beam,  and,  consequently,  the  high  technical  efficiency  of  laser  can  be 
reached. 

In  the  paper  [5]  we  have  determined  experimentally  an  optimal  composition  of  the  actuating  mixture  of  the  laser 
from  the  point  of  view  of  achieving  the  maximum  output  energy.  This  composition  is:  F2:H2:02:SF6  =  4:  l:x:5,  where  x  is  a 
maximum  possible  value,  conditioned  by  the  mixture  preparation  technology. 
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2.  EXPERIMENTAL  SET-UP 

The  scheme  of  the  pulsed-periodical  chemical  laser  is  performed  on  the  Fig.  1 .  The  steady  pulsed-periodical  operation 
regime  was  achieved  by  such  a  choice  of  method  to  change  the  mixture,  for  which  the  combustibles  flow  is  interrupted 
after  each  initiation.  The  portions  of  combustible  (H2  +  SFg)  mixture  and  inert  substitute  (He  +  SF6)  mixture  were  brought 
alternatively  from  the  special  containers  by  means  of  valves,  switching  on  with  driving  block  according  to  certain 
algorithm,  into  the  continuous  flow  of  oxidiser  (F2  +  O2  +  SFe).  This  method  of  supplying  the  mixture  components 
prevented  up-flow  movement  of  combustion  [6]. 

The  system  of  flow  formation  was  destined  for  mixing  the  components  and  organising  the  homogeneous  flow  with 
required  structure  and  pressure  and  with  a  minimum  level  of  optical  nonuniformities. 


Fz  +  O2  +  SF6 
He  +  SF6 
H2  +  SF6 


[ — II — II — II — I 
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t 
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Fig,  1 .  Scheme  of  pulsed  -  periodical  chemical  laser 
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Flow  velocity  from  0,7  to  1,0  m/sec  in  the  resonator  volume  permitted  to  remove  with  high  ejfficiency  the  postreaction 
mixture  from  resonator  volume  between  the  initiation  pulses  repeating  with  the  1  Hz  rate. 

The  chemical  reaction  was  initiated  by  two  contraiy  beams  obtained  with  two  accelerators,  that  emitted  the  electron 
beams  with  (20*60)  sqxm  cross  section.  The  duration  of  the  electron  current  pulse  was  near  1  ps  and  the  maximum 
energy  of  the  electrons  of  beam  was  near  400  keV. 

The  optical  aperture  of  laser  was  equal  to  300  mm,  and  active  volume  constituted  near  45  litters.  Both  resonator  of 
piano  configuration  and  unstable  telescopic  one  were  used  in  the  experiments. 

After  initiation,  the  waste  mixture  entered  the  system  of  exhaust  and  neutralisation,  where  toxic  and  aggressive 
components  were  treated. 

During  the  preliminary  experiments  the  composition  of  the  actuating  mixture,  which  is  optimum  for  the  achieving 
maximum  output  energy  parameters  of  laser,  has  been  determined  as:  F2 :  H2 :  O2 ;  SF6  =  4  :  1  :  x  :  5  [5].  This  composition 
was  used  in  all  described  herein  experiments.  The  density  of  mixture  was  varied  by  changing  the  pressure  and  oxygen 
contents. 

The  resonator  of  piano  configuration  was  arranged  by  the  pile  of  three  fluorite  plates  (output  mirror)  and  copper 
mirror.  The  effective  reflection  coefficients  of  mirrors  were  R1  =  0,16  and  R2  =  0,94. 


3.  EXPERIMENTAL  RESULTS 


Series  of  experiments  was  carried  out  on  determination  of  the  influence  of  mixture  density  upon  the  laser  energy. 
The  results  are  performed  on  the  Fig.2.  As  the  electron  beam  energy,  deposited  in  gas,  is  proportional  to  the  medium 
density,  along  with  an  increase  of  the  latter  should  occur  the  increase  of  the  laser  output  energy.  The  maximum  of  energy 
of  generation  was  obtained  in  our  experiments  for  the  mixture  density  p  =  2  g/1.  A  further  density  increase  produced  the 
decrease  of  the  output  energy,  because  of  the  appearance  of  the  space  charge  in  the  medium  resulting  in  the  electron  beam 
locking.  This  phenomenon  has  been  investigated  by  us  in  details  [7],  and  was  confirmed  by  the  character  of  the  near-field 
distribution  of  the  laser  energy. 

Further  experiments,  aimed  to  increase  the  specific  output  energy  and  total  output  energy  in  the  given  apparatus  at 

the  expense  of  the  decrease  of  the  oxygen  content, 
Energy,kJ  were  carried  out  at  the  p  -  2  g/1  density  of  the 

actuating  mixture.  The  dependence  of  laser  per  pulse 
energy  upon  the  oxygen  contents  in  the  mixture  is 
shown  on  the  Fig.3  (curve  1). 

The  technological  polishing  of  the  mixture 
change  system  enabled  us  to  reduce  the  oxygen 
contents  in  the  mixture  flow  up  to  ^  =  [02l/[F2]  =  1% 
and  to  obtain  the  E  =  5,9  kJ  per  pulse  energy  for  the 
average  specific  output  energy  s  =  130  J/1. 

Energy  distribution  for  the  end  face  of  ?aser, 
received  in  one  of  the  experiments  performed  w^ii  the 
oxygen  contents  ^  =  1%,  is  shown  on  the  Fig.4. 

Experimental  data  have  shown,  that  for  near  75% 
of  the  area  of  the  laser  end  face,  the  value  of  the 
specific  output  energy  exceeded  150  J/1.  Zones  with 
the  specific  output  energy  in  2  or  more  times  lower 
than  the  average  value  occupied  the  peripheral  areas 
of  the  aperture,  and  their  area  was  less  than  near  10% 
of  the  total  one.  The  highest  specific  output  energy, 
equal  to  s  =  223  J/1,  was  achieved  near  the  anodes  of 
the  accelerators. 


Fig.2. 


Dependence  of  laser  energy  on  the  mixture  density 
(F2 :  H2 :  O2 :  SFe  =  4:  1  :  0,4  :  5) 
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Energy, kJ 


Fig.3.  Dependence  of  laser  energy  on  the  oxygen  contamination  in  mixture 
p  =  2g/l;  1  -  resonator  of  piano  configuration;  2  -  unstable  resonator 


Besides  energy,  there  is  another  important 
parameter  of  laser,  namely  -  divergence.  For  the 
resonator  of  piano  configuration  it  is  determined  by 
the  value  of  mixture  refractive  index  (An)  and  the 
ratio  of  the  lengths  of  the  actuating  medium  (La) 
and  of  the  resonator  (Lr)  [8]: 


The  values  of  above  parameters  under  our 
experimental  conditions  were  An  ~  6*\0'\ 
La/Lr  =  0.3,  so  the  calculated  quantity  of  divergence 
constitutes  =  1,2*10'^  rad.  The  angular 

distribution  of  the  output  energy  is  shown  on  the 
Fig.5  (curve  1).  Some  excess  of  the  experimentally 
recorded  divergence  over  the  calculated  one  can  be 
attributed  to  an  enor  of  manufacturing  and  tuning 
of  mirrors  of  resonator. 

Use  of  unstable  telescopic  resonator  instead  of 
that  of  piano  configuration  is  an  effective  method 
of  laser  radiation  divergence  improving.  The 


divergence  of  the  laser  radiation  for  an  unstable  resonator  is  a  sum  of  the  divergence  resulting  from  the  diffraction  losses  ( 


0d )  and  the  divergence  stipulated  by  optical  nonuniformities  ( 0ou ): 


0ur  =  0d  +  0OU ' 


2,44  *  1 
D 


2*  La  grad{n) 
\~\/ M 


where  X  -  wave  length  of  radiation,  D  -  diameter  of  actuate  volume,  grad  n  -  gradient  of  refractive  index,  M  -  multiplicity 
of  the  resonator  telescope  magnification. 

Experiments  have  shown,  that  gradient  of  a  refractive  index  for  our  apparatus  didn’t  exceed  grad  n<5*10  ^cmMn 
the  course  of  initiation  and  chemical  reactions.  Consequently,  for  the  M  =  4,  D  =  300  mm  and  D  =  640  mm  one  could 
expect  to  obtain  the  divergence  l*10‘'^radn. 
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Fig. 5.  Dependence  of  laser  energy  on  the  divergence 


Series  of  experiments  was  carried  out  using  an 
unstable  resonator,  made  of  the  copper  mirrors  with  the 
radii  of  curvature,  first,  of  the  concave  mirror  R=8017 
mm  and,  second,  of  the  convex  mirror  r  =  2014  mm 
(  M  =  3,98  ).  It  was  found  that  for  the  optimum  nuxture 
density  (p  =  2,0  g/1)  the  laser  energy  decreased  by  near 
40%  as  compared  with  energy,  obtained  v-ith  the 
resonator  of  a  piano  configuration  ( Fig.3,  curv  e  2). 

Angular  dependence  of  laser  energy  is  shown  on 
the  Fig.5  (curve  2).  It  is  seen,  that  transit  from  the 
resonator  of  piano  configuration  to  the  unstable  one 
decreased  the  divergence  by  a  factor  of  near  4,  and  the 
latter  constituted  0urs3*lO''’  radn.  The  brightness  of 
radiation  increased,  approximately,  by  an  order  at  that. 


4.  CONCLUSION 

So,  as  a  result  of  performed  investigations  of  the  operational  regime  and  output  characteristics  of  a  pulsed-periodical 
chemical  laser  with  an  active  volume  near  45  litters,  initiated  by  two  contrary  electron  beams  with  a  large  cross  section,  we 
have  obtained: 

•  the  stable  pulsed-periodical  operational  regime  of  the  chemical  laser  with  the  1  Hz  repetition  rate. 

•  dependencies,  governing  the  laser  energy  characteristics,  as  the  mixture  density  and  contents  of  oxygen 
were  varied. 

•  the  laser  energy  near  E=5,9  kJ  achieved  for  the  average  specific  output  energy  s  =  130  J/1. 

•  the  angular  characteristics  of  laser  radiation  were  studied.  It  was  shown,  that  use  of  unstable  resonator 
with  multiplicity  of  telescope  magnification  M  =  4  instead  of  that  of  piano  configuration  produced  near 
4-times  decrease  of  divergence  and  near  one  order  increase  of  brightness  of  laser  radiation. 


REFERENCES 

1.  A.S.Bashkm,  A.N.Oraevsky,  V.N.Tomashov,  N.N.Yurishev,  “A  study  into  feasibility  of  high  specific  parameters  of 
the  chain-reaction  HF  laser  action”,  Quantum  Electronics,  9,  N3,  628-630  (1982). 

2.  J.A.Mangano,  R.L.Limpaecher,  J.D. Daugherty,  F. Russel,  “Efficient  electrical  iniciation  of  HF  chemical  laser”, 
AppL  Phys.  Lett.,  27,  N5,  293-295  (1975). 

3.  F.Ya.Zagulov,  V.Ya.Borisov,  G.  Ya.  Vlasov  et  al,  “Pusled  high-current  nanosecond  electron  accelerator  operating 
with  repetition  rate  100  Hz”,  Pribory  i  tekhnika  eksperimenta  (Devices  and  technique  of  experiment),  N5,  18-21, 
(1975). 

4.  R. A. Gerber,  E.L. Patterson,  L.S. Blair,  N.R. Greiner,  “Multi-kilojoile  HF  laser  using  intense-electron-beam  initiation 
of  HF-DF  mixtures”,  Appl.  Phys.  Lett.,  v.25,  281  (1974). 

5.  S.D.  Velikanov,  S.B.Kormer,  M.V.Sinitzyn  et  al,  “Influence  of  multi-atomic  gases  on  the  efficience  of  operation  of 
photoinitiated  chemical  HF  laser”,  Pisma  v  ZTF  (Letters  to  JTF),  9,  v.3,  34  (1983). 

6.  V.V.Burtzev,  S.D.  Velikanov,  Yu. N. Frolov,  “Propagation  of  combustion  in  mixtures  of  pulse-periodic  chemical 
lasers  based  on  the  reaction  of  fluorine  with  hydrogen”,  Quantum  Electronics,  V.22,  N2,  123-126,  (1995). 

7.  Bashurin,  S.D. Velikanov,  A.Ya.Dovgiy  et  al,  “On  propagation  of  electron  beam  through  electronegative  gases”, 
DokladyAN  SSSR  (Reports  of  Scientific  Academy  ofSSSR),  287.  N3,  614-618  (1986). 

8.  G. A. Kirillov,  S.B.Kormer,G.G.Kochemasov  et  al,  “Investigations  on  divergence  for  an  output  of  the 
photodissociated  optical  parametric  oscillator  with  nonuniform  active  medium”.  Quantum  Electronics  ,v.2,  N4, 
666-671  (1975). 


13.  Laser  Welding 


Invited  Paper 


Laser  welding  of  aluminium 

H.  Hiigel,  M.  Beck*,  J.  Rapp,  F.  Dausinger 

Universitat  Stuttgart,  Institut  fur  Strahlwerkzeuge  (IFSW), 

Pfaffenwaldring  43,  D-70569  Stuttgart,  Germany 

^Current  address;  Daimler  Benz  AG, 

Forschungszentrum  F4P/P,  D-890I3  Ulm,  Germany 

ABSTRACT 

The  role  of  laser  beam  parameters  and  material  properties  in  establishing  a  stable  deep  welding  process  is  investi¬ 
gated,  experimentally  and  theoretically.  Particular  emphasis  is  placed  on  the  mechanisms  involved  in  the  energy 
coupling.  It  will  be  shown  that  high  quality  welds  are  achieved  by  a  proper  choice  of  parameters  and  a  sophisticated 
process  conduction. 

Keywords:  laser  welding,  laser  weldability  of  aluminium,  energy  coupling,  process  stability 


1.  INTRODUCTION 

Requirements  such  as  the  reduction  of  weight  and  cost  or  the  possibility  to  recycle  materials  have  led  to  novel 
approaches  for  light-weight  construction.  In  this  context,  aluminium  and  its  alloys  are  facing  increasing  interest  in  the 
automotive  and  rail  vehicle  industiy.  Laser  welding  as  a  joining  technique  brings  along  many  advantages  compared  with 
conventional  technologies.  In  particular,  it  allows  an  economical  realisation  of  design  and  production  concepts  based  on 
tailored  blanks  and  space-frame  constructions.  In  order  to  be  accepted  for  industrial  mass  production,  the  process  has  to 
demonstrate  maturity  regarding  efficiency  and  quality  of  its  results.  Some  investigations  aimed  at  this  goal  will  be 
reported  herein. 

Compared  to  the  welding  process  of  steel  that  of  aluminium  turns  out  to  be  much  more  complex  due  to  material 
properties  such  as  a  low  absorptivity,  high  heat  conductivity  as  well  as  the  effect  of  various  alloy  components  on 
vaporisation  temperature.  In  addition,  the  achievable  weld  quality  -  assessed  in  terms  of  porosity  or  hot  cracks,  strength 
etc.  -  strongly  depends  on  the  material  composition.  Since  the  particular  alloy  will  be  chosen  according  to  the  require¬ 
ments  stemming  from  a  specific  application,  it  is,  therefore,  absolutely  necessary  to  handle  the  weldability  of  aluminium 
alloys  in  an  integral  approach  incorporating  aspects  of  the  process,  metallurgy  and  design  at  the  same  time,  see  Ref.  I,  2 
(as  well  for  a  detailed  discussion  of  static  and  dynamic  strength).  Here,  the  discussions  will  be  focused  on  the  welding 
process  itself. 

In  the  experimental  studies,  both  modem  CO2-  and  Nd:YAG-lasers  were  used  and  have  proven  to  be  adequate  tools. 
The  results  not  only  provide  applicable  data  for  a  variety  of  welding  tasks  but  also  give  useful  indications  regarding  the 
potential  of  the  particular  laser  type. 


2.  ENERGY  COUPLING 


2.1  Threshold  conditions 

The  mechanisms  involved  in  the  formation  of  a  keyhole  as  the  precondition  of  the  deep  penetration  welding  process 
and  the  ways  by  which  laser  energy  is  deposited  at  its  wall  are  relatively  well  understood,  today.  Along  the  ideas 
elaborated  in  e.g.  references  3  to  8  (the  latter  also  giving  a  good  summary  of  the  relevant  literature),  the  primary  energy 
coupling  is  due  to  Fresnel  absorption  as  the  beam  penetrates  into  the  material  by  multiple  reflections.  The  fraction  of 
heat  that  is  conducted  from  the  keyhole  plasma  to  the  wall  strongly  depends  on  the  keyhole  geometry  (which  in  itself  is  a 
result  of  the  interacting  process  parameters),  the  material  properties  and  the  laser  beam’s  wavelength^’’  ^ . 
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Keyhole  fonnation  will  set  in  when  the  material  under  the  irradiated  spot  has  reached  vaporisation  temperature.  From 
a  balance  between  absorbed  and  dissipated  energy  the  useful  relation  can  be  found  (approximately  valid  also  for  not  too 
high  welding  speeds)  P/d|  oc  T,  k/A,  with  P  the  incident  laser  power,  df  the  spot  diameter  at  the  surface,  T,  the 
vaporisation  temperature,  k  the  heat  conductivity,  and  A  the  absorptivity.  The  calculated  and  experimentally  found 
threshold  behaviour  as  depicted  in  Figs.  1  and  2  fairly  well  reflects  these  dependencies.  In  addition,  for  a  variety  of 
aluminium  alloys  a  direct  proportionality  between  the  threshold  intensity  and  the  product  T,  k  is  evident,  see  Fig.  3.  In 
this  representation,  the  measured  data  (obtained  with  CO^-laser)  is  taken  from  Ref  9  whereas  the  material  properties  (in 
particular  the  reduction  of  Tv  by  volatile  elements,  such  as  Mg,  Zn,  Li)  were  calculated  by  means  of  a  theoretical 
model'"  ^ 


P/df  in  W/mm  - ►  P/d^  in  W/mm - ► 

0  4000  8000  12000  0  4000  8000  12000 
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Fig.  1.  Calculated  energy  coupling  and  welding  depth  as  a  function  of  incident  laser  power;  Laser; 

CO:,  TEMoi*;  dpO.48  mm,  v=2  m/min. 

It  is  seen  from  Fig.  1  that  the  laser  induced  plasma  in  the  case  of  aluminium  lowers  the  threshold  via  enhanced  energy 
coupling.  Furthermore,  it  should  be  born  in  mind  that  different  surface  conditions  (roughness,  oxide  layer)  modify  the 
absorption  and,  above  all,  the  „effective“  spot  diameter  is  not  known  because  of  refraction  effects  within  the  plasma 
plume  above  the  workpiece^'  'I  This  means  that  with  the  Fresnel  absorptivity  in  the  above  relationship  can  be  expected 
qualitative  agreement  with  experiments  only.  Nevertheless,  this  scaling  yields  useful  first  estimations  regarding  the 
required  laser  parameters. 


Fig.2.  Experimental  welding  depth;  the  threshold  depends  on  Fig.3.  Experimentally  determined  (Ref  9)  threshold  values  of 
wavelength  and  material  composition.  aluminium  alloys  as  a  function  of  calculated  material  properties. 
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2.2  Efficiency  considerations 

The  favourable  effect  of  a  slender  keyhole  with  respect  to  high  energy  coupling  is  demonstrated  in  Fig.  4.  The 
theoretical  curve  for  a  cone-shaped  keyhole^'  is  obtained  utilising  and  modifying  an  expression  given  in  Ref.  14  for  the 
total  absorption  in  a  spherical  hole;  the  result  agrees  remarkably  well  with  that  of  the  self-consistent  model  described  in 
Ref  6.  Herefrom  a  clear  demand  for  lasers  with  high  beam  quality  (small  spot  diameters  and  large  Rayleigh  length 
achievable  with  reasonable  F-numbers)  can  be  infeired. 

Further  has  to  be  considered  the  thermal  efficiency  of  the  process,  namely  that  fraction  of  absorbed  energy  which  was 
utilised  to  achieve  the  weld  seam  intended;  Fig.  5  presents  typical  data.  The  theoretical  curves  are  based  on  a  model''' 
assuming  uniform  heat  release  (P/d)  along  a  line-source  being  moved  through  the  material.  It  is  seen  that  more  than  twice 
the  absorbed  (!)  power  is  needed  for  aluminium  in  comparison  to  steel  in  order  to  obtain  the  same  thermal  efficiency.  In 
view  of  the  required  equipment  for  performing  a  given  task,  the  data  in  Fig.  5  provide  an  useful  hint. 


Fig.4.  Energy  coupling  depending  on  the  slenderness  of 
the  keyhole;  CO2,  Pl  4  kW. 


power  /  welding  depth  in  W/mm  - ► 

Fig. 5.  Themial  efficiency  as  function  of  power  per  unit 
penetration  depth. 


3.  PROCESS  STABILITY  AND  QUALITY  OF  THE  WELD  SEAM 

3.1  Possible  causes  of  instability 

It  is  generally  agreed  that  process  instabilities  give  rise  to  imperfections  of  the  weld  seam.  Due  to  the  complexity  of 
the  welding  process  as  a  whole,  there  is  neither  complete  understanding  of  the  possible  causes  leading  to  the  results 
observed  nor  exists  a  theory  that  would  explain  the  phenomena  in  their  entirety.  A  number  of  models  has  been  developed 
instead,  addressing  particular  aspects  such  as  e.g.  keyhole/plasma  interaction keyhole/melt  poo!  dynamics'^  or  fluid 
dynamic  phenomena  associated  with  the  melt  flow  around  the  keyhole  and  induced  by  surface  tension'^*  Here,  some 
qualitative  lines  of  reasoning  shall  be  presented  that  explain  cavities/pores  (not  hydrogen  pores  which  arc  due  to 
metallurgical  causes)  and  blowholes  originating  from  instabilities  of  the  keyhoIe“'\ 

The  higher  sensitivity  of  the  aluminium  welding  process  (compared  to  that  of  steel)  to  fluctuations  in  laser  nower  or 
plasma  induced  variations  of  the  spot  diameter"  is  easily  understood  in  view  of  the  messages  given  in  Figs.  1,  2  and  4: 
If  the  welding  process  is  conducted  with  parameters  yielding  conditions  not  well  above  threshold,  then  relatively  small 
perturbations  in  P  and/or  d|-  lead  to  drastic  changes  in  energy  coupling.  Hence,  the  energy  balance  in  the  keyhole  as  well 
is  disturbed  with  all  the  consequences  for  the  rate  of  vaporisation,  keyhole  geometry,  momentum  balance  etc,  A 
wavelength  of  1.06  pm  in  comparison  to  10.6  pm  does  enlarge  the  processing  window  in  two  respects,  namely  the 
threshold  is  lowered  as  a  consequence  of  the  higher  Fresnel  absorptivity  and  effects  of  the  plasma  above  the  keyhole 
(refraction,  absorption)  are  less  severe  because  the  absorption  coefficient  in  the  plasma  approximately  scales  at  ?i“,  sec 
references  8,13  and  2 1 . 
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Following  the  ideas  developed  in  Ref.  8,  a  keyhole  geometry  with  a  cross  section  increasing  from  bottom  to  the 
surface  is  favourable  for  a  stable  process.  In  Fig.  6  the  pressure  distribution  for  two  different  keyhole  fonns  (type  1  and 
2)  is  presented.  It  results  from  a  model  calculation  taking  into  account  momentum  and  mass  conservation  and  (instead  of 
using  the  energy  equation),  the  vapour  temperature  as  a  parameter.  The  physical  reason  for  the  pressure  rise  in  the  region 
of  the  keyhole’s  constriction  is  the  fact  that  here  the  pressure  exerted  on  the  wall  as  a  consequence  of  the  surface  tension 
in  the  melt  is  higher  (a  r'')  and  has  to  be  compensated  by  a  higher  pressure  within  the  keyhole.  The  corresponding 
vapour  velocities  in  Fig.  7,  considering  friction  effects  at  the  wall,  among  others  reflect  the  temperature  dependency  of 
the  viscosity  and  because  ionisation  has  been  taken  into  account  as  well,  the  sensitivity  of  the  vapour-plasma  to  the 
wavelength.  As  is  seen  for  the  type  2  geometiy  both  effects,  the  pressure  rise  due  to  the  constriction  and  the  friction 
decelerate  the  flow  and,  in  case  of  high  temperature  even  might  lead  to  a  complete  choking  and  flow  reversal.  If  the 
vapour  does  not  condense  fast  enough,  the  keyhole  volume  must  increase.  This  will  occur  in  regions  with  least  energy 
expenditure,  i.e.  down  of  the  constriction,  and  at  the  same  time,  the  constriction’s  radius  decreases  leading  to  an 
increased  pressure  rise  due  to  surface  tension.  It  is  well  conceivable  that  such  a  mechanism  with  positive  feedback  of 
events  is  the  cause  for  process  instabilities  producing  cavities/pores,  blowholes  and  irregular  roots. 


Fig. 6,  Pressure  distribution  in  keyholes  (Fe)  with  different  geometry  r  (z). 
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Fig. 7.  Velocity  of  metal  vapour  in  dependence  of 
temperature. 
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keyhole  geometry  (Fig.  6)  and  vapour 
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3.2  Measures  to  improve  process  stability 

In  view  of  the  above  argumentation,  two  straight  forward  measures  appear  to  be  evident  for  improving  the  process 
stability.  One  measure  has  already  been  mentioned,  i.e.  the  use  of  lasers  with  shorter  wavelength  which,  in  fact,  has 
proven  to  be  a  most  promising  approach"^\  Here,  due  to  a  far  lower  absorption  coefficient  of  the  plasma  for  1 .06  pm,  its 
temperature  will  be  lower  as  compared  to  welding  with  10.6  pm  ^  allowing  for  an  undisturbed  vapour/plasma  flow  out 
of  the  keyhole  (see  dashed  curves  in  Fig.  7).  The  other  one  is  a  „shaping“  of  that  kind  of  keyhole  where  the  type  l-like 
geometry  is  realised. 

This  can  easily  be  done  by  utilising  two  laser  beams^' (remember  the  requirement  of  a  high  value  P/df)  focused  on 
to  the  workpiece  surface  with  spot  diameters  and  distance  between  their  centres  depending  on  the  particular  task.  By  this 
technique,  a  stable  and  in  welding  direction  enlarged  keyhole  is  established  yielding  weld  seams  of  high  quality'  .  It  is 
applicable  for  both  CO2-  and  Nd:YAG~lasers  and  can  be  modified  by  beam  splitting  provided  a  sufficient  power  level  is 
available. 

It  is  further  experienced  that  the  use  of  filler  wire  -  primarily  applied  because  of  metallurgical  reasons  -  also  exerts  a 
stabilising  effect  on  the  process"'  Some  speculations  of  possible  causes  are  to  be  found  in  Ref  25. 

Fig.  8  summarises  the  results  of  achieving  high-quality  weld  seams;  it  represents  the  average  of  a  seam  length  between 
statistically  occurring  blowholes.  It  is  seen  that  the  twin  focus  technique  yields  the  best  results,  by  far.  Further 
investigations  to  this  aspect  are  still  in  progress. 


Fig. 8.  Effect  of  possible  measures  to  improve  seam  quality  via  enhanced 
process  stability. 


4.  CONCLUSIONS 

Laser  welding  of  aluminium  alloys  requires  a  careful  choice  and  adaptation  of  laser  beam  properties  with  respect  to 
the  specific  requirements  stemming  from  material  and  design.  Lasers  with  high  power  (resp.  high  value  P/df)  and  high 
beam  quality  (small  df  and  slender  focal  geometry)  are  favourable  in  view  of  efficiency  and  stability.  A  short  wavelength 
is  favourable  for  reducing  threshold  conditions  and  enhancing  the  process  stability.  The  use  of  filler  wire  and,  above  all, 
the  application  of  the  twin  focus  technique  are  efficient  means  to  produce  weld  seams  of  high  quality. 


5.  REFERENCES 

1.  J.  Rapp,  Laserschwei/Jeignimg  von  Aliiminiunnverkstoffen  fiir  Anwendungen  im  Leichthau.,  Forschungsberichte  des 
IFSW,  Teubner,  Stuttgart,  1996. 

2.  J.  Rapp,  C.  Glumann,  F.  Dausinger  and  FI.  Hugel,  '‘Laser  welding  of  aluminium  lightweight  materials:  problems, 
solutions,  readiness  for  application",  Opt.  and  Quantum  Electronics  27,1203(1995). 

3.  C.  Banas,  "High  power  laser  welding".  The  Industrial  Laser  Annual  Handbook,  1986,  Penn  Well  Publ.Corp.,  1986. 

4.  1.  Miyamoto,  H.  Maruo,  Y.  Arata,  "Beam  absorption  mechanism  in  laser  welding",  SPIE,  Vol.668,  p.i  1,  1986. 

5.  M.  Schellhorn,  "Mathematical  simulation  of  welding  processes",  Proc.Europ.Scientific  Laser  Workshop  on  Math.. 
Simulation,  p.225,  Sprechsaal  Publishing  Group,  1989. 

6.  M.  Beck,  F.  Dausinger,  H.  Hiigel,  "Studie  zur  Energieeinkopplung  beim  TiefschweiBen  mit  Laserstrahlung",  Laser 
iind  Optoelektronik  21,  p.80.  1989. 

7.  A.  Kaplan,  “A  model  of  deep  penetration  laser  welding  based  on  calculation  of  the  keyhole  profile",  J.Phys.D: 
Appl.Phys.  27,  1805  (1994). 

8.  M.  Beck,  Modellierung  des  Lasertiefschweifiens,  Forschungsberichte  des  IFSW,  Teubner,  Stuttgart,  1996. 

9.  H.  Sakamoto,  K.  Shibata,  F.  Dausinger,  "Laser  welding  of  different  aluminium  alloys",  Proc.  ECLAT'92,  DGM,  p.l25 
(1992). 

10.  J.  Rapp,  M.  Beck,  F.  Dausinger,  H.  Hugel,  "Fundamental  approach  to  the  weldability  of  aluminium-  and  copper- 
alloys",  Proc.  ECLAT  '94,  DVS-Bericht  163,  p.313  (1994). 

1 1.  M.  Beck,  M.,  P.  Berger,  H.  HiigefThe  effect  of  plasma  fonnation  on  beam  focusing  in  deep  penetration  welding 
with  CO2  lasers",  J.  Phys.  D:  Appl.  Phys.  28,  p.  2430  (1995). 

12.  R.  Duchanne,  P.  Kapadia,  J.  Dowden,  "A  mathematical  model  for  the  defonning  of  laser  light  above  a  workpiece  in 
laser  material  processing",  Proc.  ICALEO  '92,  Laser  Institute  of  America,  p.  187(1 992). 

13.  F.  Dausinger,  Strahhverkzeug  Laser:  Energieeinkopplung  und  Prozefieffektivitat,  Forschungsberichte  des  IFSW, 
Teubner,  Stuttgart,  1995. 

14.  A.  Gouffe,  “Corrections  d’ouverture  des  corps-noirs  artificiels  compte  tenu  des  diffusions  multiples  internes".  Rev. 
Opticjue  24,  p.  1  ( 1 945). 

15.  D.T.  Swift-Hook,  A.E.F.  Gick,  "Penetration  welding  with  lasers".  Welding  Research  Supplement  493-s,  p.492 
(1973). 

16.  T.  Klein,  M.  Vicanek,  J.  Kroos,  1.  Decker,  G.  Simon,  "Oscillations  of  the  keyhole  in  penetration  laser  beam 
welding",  J.Phys.  D:  Appl.Phys.  27,  p.  2023  (1994). 

17.  J.  Griebsch,  Grundlageniintersuchungen  zur  Qualitdtssicherung  beim  gepulsten  La.sertiefscfnveifien, 
Forschungsberichte  des  IFSW,  Teubner,  Stuttgart,  1996. 

18.  M.  Beck,  P.  Berger,  F.  Dausinger,  H.  Hugel,  "Aspects  of  keyhole/melt  interaction  in  high-speed  laser  welding", 
Proc.H.lnt.Conf.on  Gas  Flow  and  Chemical  Lasers  1990,  SPIE  13977  (1991),  p.  769. 

19.  N.  Pirch,  H.  Schmidt,  B.  Ollier,  E.  Kreutz,  D.  Becker,  "Die  Humping  Instabilitat  beim  SchweiBen  und 
Laserstrahlung",  Proc.of  LASER  '91,  p.  552,  Springer  (1992). 

20.  F.  Dausinger,  H.  Hugel,  "ProzeBadaquate  Systeintechnik  als  Schliissel  fur  das  AluminiumschweiBen", 
Proc. 1 2. Int. Cong.  LASER'95,  p.21 1,  Meisenbach-Verlag,  Bamberg  (1995), 

21.  P.  Mulser,  "Hydrogen  plasma  production  by  giant  pulse  laser  -  A  theoretical  study",  Inst.f  Plasmaphysik,  internal 
Study  I PP3/95  (  1969). 

22.  H.C.  Peebles,  R.L.  Williamson,  "The  role  of  the  metal  vapor  plume  in  pulsed  Nd:YAG  laser  welding  of  aluminium 
1 100",  Proc.  LAMP'S?,  vol.  1,  p.  19. 

23.  T.J.  Rockstroh,  J.  Mazumder,  "Spectroscopy  studies  of  plasma  during  cw  laser  materials  interaction",  J.Appl.Phys. 
61,p.917  (1987). 

24.  C.  Glumann,  J.  Rapp,  F.  Dausinger,  H.  Hugel,  "Welding  with  a  combination  of  COi-lasers  -  advantages  in  processing 
and  quality",  Proc.  ICALEO'93,  Laser  Institute  of  America,  p.  672,  1993. 

25.  Ch.  Binroth,  "Beitrag  zur  ProzeBstabililitat  beim  C02'-LaserstrahlschweiBen  von  Aluminium  mit  Zusatzwerkstoff, 
Strahltechnik  Vol,  1,  BIAS,  1995. 


521 


Spectroscopic  investigations  of  CO  and  CO2  laser  induced  aluminum  welding  plasmas 
M.  Schellhom  and  A.  Eichhom 


Deutsch-Franzosisches  Forschungsinstitut  ISL 
5,  rue  du  General-Cassagnou 
F-68301  Saint-Louis,  France 


ABSTRACT 

Average  electron  densities  and  temperatures  were  measured  for  both  CO  and  CO2  laser  induced  aluminum  welding 
plasmas  using  spectroscopic  techniques.  The  plasma  temperature  is  smaller  in  the  case  of  CO  laser  welding,  whereas  the 
c'jectron  density  is  slightly  higher.  Therefore  the  absorption  length  (inverse  bremsstrahlung)  of  the  CO  laser  radiation  in 
uii.  welding  zone  is  a  factor  of  2  to  7  longer.  This  is  the  reason  for  the  better  weld  seam  quality  obtained  with  the  CO  laser. 

Keywords:  CO  laser,  CO2  laser,  aluminum  laser  welding,  plasma  spectroscopy 

1.  INTRODUCTION 

Up  to  now  carbon  monoxide  (CO)  lasers  have  not  yet  found  a  place  in  industrial  applications  although  they  offer  with 
their  wavelength  around  5  pm  an  attractive  compromise  between  the  attributes  of  CO2  and  Nd:YAG  lasers,  particularly 
through  their  potential  for  very  high  power  and  efficiency*,  possibly  high  power  transmission  through  chalcogenide  glass 
fibres^’^  and  improved  processing"*.  Especially  in  laser  welding  of  aluminum  which  is  a  major  research  subject  in  industry 
the  processing  range  for  the  CO2  laser  is  smalP’^.  The  maximum  usable  process  intensity  is  limited  by  the  onset  of  a 
statistically  appearing  shielding  plasma  leading  to  weld  defects,  such  as  porosities  and  crater  formation.  Since  the  plasma 
absorption  coefficient  for  the  laser  radiation  is  proportional  to  the  square  of  the  wavelength  the  use  of  a  NdiYAG  laser 
seems  to  be  appropriate  but  it  suffers  from  an  inherent  bad  beam  quality.  Therefore  the  application  of  Nd:YAG  lasers  in 
aluminum  welding  is  limited  to  a  sheet  thickness  of  2  mm  because  of  the  poorer  focusability,  i.e.  the  shorter  Rayleigh 
length  of  the  beam*^.  The  advantages  of  the  CO  laser  refer  to  the  better  focusability,  the  higher  absorptivity  of  metals  and 
lower  plasma  absorption  by  inverse  bremsstrahlung.  The  better  focusabilty  of  the  CO  laser  results  in  deeper  penetration  in 
aluminum  welding  compared  to  CO2  and  Nd:YAG  lasers^  The  higher  absorptivity  of  metals  by  CO  laser  radiation  leads  to 
a  lower  threshold  for  deep  penetration  welding,  i.e.  the  CO  laser  can  initiate  a  keyhole  at  substantial  lower  powers  than  the 
CO2  laser^.  The  consequence  of  the  lower  plasma  absorption  of  the  CO  laser  radiation  was  demonstrated  the  first  time  in 
deep  penetration  welding  of  mild  steel:  no  difference  in  welding  depths  was  observed  using  helium  or  argon  in  case  of  the 
CO  laser,  whereas  the  penetration  depth  obtained  with  the  CO2  laser  was  drastically  reduced  when  argon  was  used  as  rhe 
process  gas*^.  Due  to  the  reduced  beam-plasma  interaction  the  CO  laser  weld  seams  are  characterized  by  a  homogeneous 
and  smooth  surfaced  First  spectroscopic  comparison  of  CO  and  CO2  laser  induced  aluminum  welding  plasmas  indicates 
lower  plasma  temperatures  in  the  case  of  CO  laser  welding**.  In  this  paper  we  will  present  measured  values  of  the  average 
electron  density  and  temperature  for  both  CO  and  CO2  laser  induced  aluminum  welding  plasmas.  From  this  quantities  the 
absorption  length  of  the  laser  radiation  by  the  effect  of  inverse  bremsstrahlung  has  been  calculated. 

2.  EXPERIMENTAL  SETUP 
2.1.  Characteristics  of  CO  and  CO2  laser  system 

The  resonator  of  the  gasdynamically  cooled  CO  laser  system*^’*^  is  formed  by  a  triple  pass  unstable  resonator  with  a 
magnification  of  M  2.  An  annular  mode  of  approximately  28  mm  outer  diameter  is  extracted.  The  Strehl  ratio  of  0.5  and 
the  M^- value  of  5.8  were  measured  at  a  maximum  power  level  of  4.5  kW. 

A  commercial  industrial  CO2  laser  (Rofin  Sinar  RS6000)  has  been  used  for  comparison.  This  laser  is  equipped  with  a 
stable  resonator  and  runs  in  the  TEM20*  mode  with  a  beam  diameter  of  24  mm  (M^  =  4.3). 

The  focus  radii  obtained  with  a  f  =  125  mm  welding  were  measured  with  a  beam  diagnostic  system  (Prometec)  using  a 
rotating  hollow  needle  and  are  summarized  in  Tab.  1.  Due  to  the  shorter  wavelength  of  the  CO  laser  the  focus  radius  is 
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smaller  resulting  in  a  higher  peak  intensity.  The  mode  of  the  |.  ]y[easured  focus  radii,  maximum  and  average 

stable  CO2  laser  resonator  is  characterized  by  a  steep  intensities  obtained  with  the  5==  125  mm  focusing  optic, 
intensity  slope  at  the  edges  of  the  beam  radius  resulting  in  a 
ratio  of  only  1.5  between  the  maximum  intensity  and  the 
average  intensity  in  the  focus.  On-  the  other  hand  the 
intensity  distribution  of  the  unstable  CO  laser  mode  (ring 
mode)  shows  widespread  wings  at  the  peripheric  of  the 
beam  resulting  in  a  ratio  of  approximately  7  between  the 
maximum  intensity  and  the  average  intensity  in  the  focus. 

2.2.  Spectroscopic  methods 

Timeintegrated  emission  spectra  from  laser  induced 
plasmas  were  measured  with  a  prism  spectrograph,  a  500  mm  focal  length  (SPEX  500)  and  a  156  mm  focal  length 
spectrograph  (MonoSpec  18)  with  1200  grooves/mm  gratings  and  a  silicon  diode  array  detector  (2048  pixels).  The  spectra 
were  taken  with  a  total  accumulation  time  of  about  Is,  thus  smoothing  short  fluctuations  of  the  line  intensities.  The 
apparatus  widths  of  the  SPEX  500  and  MonoSpec  18  are  1  A  and  2.5  A,  respectively.  The  light  was  fed  into  the 
spectrograph  by  means  of  a  fibre  optic  with  a  core  diameter  of  1  mm.  Spectra  of  aluminum  laser  welding  plasma  were 
taken  at  a  power  level  of  2.5  kW  and  4  kW  at  a  feed  velocity  of  6  m/min  for  CO2  and  CO  laser  welding  of  AlMgSil .  Either 
helium  or  argon  gas  was  used  as  the  process  gas  at  a  flow  rate  of  30  and  20  l/min,  respectively.  A  copper  tube  of  6  mm 
inner  diameter  mounted  at  an  angle  of  20°  with  respect  to  the  surface  produced  a  tangential  flow  opposite  to  the  weld 
direction.  The  focal  length  of  the  welding  head  were  f  =  125  mm  or  f  =  200  mm. 

The  electron  density  was  estimated  by  the  Stark-broadening  method  using  the  A1  (II)  line  at  5593.2  A.  Assuming  that 
the  laser  induced  plasma  is  in  local  thermodynamic  equillibrium  (LTE)  the  temperatures  can  be  estimated  from  the 
relative  line  intensities  of  subsequent  ionization  stages  of  the  same  element  whereby  the  electron  density  must  be  known  as 
well  as  from  the  relative  line  intensities  from  the  same  element  and  the  same  ionization  stage.  These  methods  are  described 
in  detail  in  Ref.  14.  For  the  first  method  the  intensity  ratio  of  the  A1  (III)  line  at  5696.5  A  and  the  A1  (II)  line  at  5593.2  A 
was  used.  For  the  second  method  the  A1  (II)  lines  of  the  ^P-^D  multiplet  (6226.2  A,  623 1 .7  A  and  6243 .4  A)  and  the  Al(II) 
lines  of  the  ^S-^P  multiplet  (7042.1  A,  7056.7  A  and  7063.7  A)  was  used.  The  energy  gap  between  the  upper  levels  of 
those  spectral  lines  is  2  eV,  thus  the  calculation  of  the  temperature  from  the  ratio  of  the  sum  of  the  intensities  of  the 
separated  lines  of  each  multiplet  could  be  done  with  sufficient  accuracy.  The  transition  propabilities  were  taken  from  Ref 
15.  The  resulting  temperatures  using  these  two  different  methods  agree  within  a  factor  of  10  %. 

3.  EXPERIMENTAL  RESULTS 

Fig.  1  shows  the  overview  spectra  of  CO2  and  CO  laser  induced 
aluminum  spectra  at  a  power  level  of  4  kW.  Helium  is  used  as  the 
process  gas.  The  spectra  were  taken  with  the  prism  spectrograph. 

The  CO2  laser  induced  plasma  consists  mainly  of  lines  of  Mg  (I), 

Mg  (II),  A1  (II)  and  A1  (III)  transitions.  In  the  case  of  the  CO  laser 
the  intensities  of  the  A1  (II)  lines  are  drastically  reduced,  there  is 
no  appearance  of  A1  (III)  lines  and  the  intensity  of  the  resonance 
A1  (I)  line  is  higher.  This  indicates  that  the  degree  of  ionization  in 
the  CO  laser  induced  plasma  should  be  lower.  Fig.  2  (a)  shows  a 
high  resolved  spectrum  taken  with  the  SPEX  500  spectrograph  at 
a  power  level  of  4  kW  of  the  CO2  laser  (helium).  Fig.  2  (b)  shows 
the  CO  laser  induced  welding  spectrum  at  the  same  power  level 
but  argon  is  used  as  process  gas.  In  this  case  the  A1  (III)  lines  at 
5696.5  A  and  5722.7  A  are  observed,  however  at  very  weak 
intensities.  Helium  lines  do  not  appear  as  in  the  case  of  CO2  laser 
welding,  e.g.  the  He  (I)  line  at  5875.6  A  (Fig.  7a).  Argon  lines 
were  observed  also  in  CO  laser  welding  but  compared  to  CO2 
laser  welding  at  much  lower  intensities. 
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Fig.  1:  Overview  spectra  of  CO2  and  CO  laser 
induced  aluminum  welding  plasmas  at  a  power 
level  of  4  kW  (helium). 
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Fig.  2:  Timeintegrated  emission  spectra  of  (a)  CO2  (process  gas:  helium)  and  (b)  CO  (process  gas:  argon)  laser  induced 
aluminum  plasmas  at  a  power  level  of  4  kW  (f  =  125  mm  optic). 
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Fig.  3:  Measured  temperature,  electron  density 
and  calculated  plasma  absorption  length  for  CO 
and  CO2  laser  induced  aluminum  plasmas  as 
function  of  the  laser  power  using  helium  or 
argon  as  the  process  gas  (f  =  125  mm  focusing 
optic). 


The  results  of  the  temperature  and  electron  density 
measurements  as  well  as  the  calculated  plasma  absorption  length 
for  CO  and  CO2  laser  induced  aluminum  plasmas  as  function  of 
the  laser  power  using  helium  or  argon  as  the  process  gas  are 
shown  in  Fig.  3.  In  the  CO2  laser  induced  plasmas  the 
temperatures  are  in  the  range  of  1.6  eV  and  the  electron  densities 
in  the  range  of  3x10^^  cm“^  if  helium  is  used  as  process  gas  and 
1.7  eV  and  7-8x10^^  cm“^  if  argon  is  used.  The  better  plasma 
cooling  in  the  case  when  helium  is  the  process  gas  is  well  known 
in  the  literature and  refer  to  its  smaller  molecular  mass  as 
well  as  its  higher  heat  conductivity.  The  energy  transfer  between 
the  electrons  and  the  process  gas  atoms  is  proportional  to  their 
mass  ratio.  Higher  conductivity  increases  the  heat  flux  from  the 
plasma  to  the  ambient  gas.  Both  these  factors  result  in  the 
decrease  of  the  plasma  temperature  which  in  turn  causes 
recombination  and  decreases  the  electron  density.  In  the  CO  laser 
induced  aluminum  plasmas  the  temperatures  are  considerable 
lower  in  the  range  of  1.3  eV  (helium)  and  1.35  eV  (argon).  The 
electron  density  is  nearly  independant  of  the  nature  of  the  process 
gas  at  a  value  of  5x10^^  cm'^  .  From  the  temperature  and  the 
electron  density  the  value  of  the  plasma  absorption  length  was 
calculated  for  the  two  laser  wavelengths^^.  For  the  CO  laser 
radiation  the  absorption  length  is  a  factor  of  2  higher  when 
helium  is  used  as  the  process  gas  and  a  factor  of  6-7  higher  when 
argon  is  used.  Due  to  the  higher  transparency  of  the  laser  induced 
plasma  a  smaller  amount  of  the  laser  power  is  absorbed  resulting 
in  smaller  plasma  temperatures.  A  surprising  fact  is  that  in  the 
case  when  helium  is  used  as  the  process  gas  the  electron  density 
is  higher  in  the  CO  than  in  the  CO2  laser  induced  plasma.  This 
could  be  explained  by  the  fact  that  at  smaller  temperatures  the 
particle  density  is  higher  (assuming  a  plasma  pressure  of  1  bar) 
and  therefore  the  electron  density  could  be  higher  although  the 
degree  of  ionization  is  lower.  In  Fig.  4  the  plasma  temperature  is 
shown  as  a  function  of  the  peak  intensity  in  the  focus.  Lower 
temperatures  could  be  expected  when  the  peak  intensity  will  be 
reduced  using  a  CO  laser  system  with  a  stable  resonator. 
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4.  SUMMARY 


Spectroscopy  of  CO  and  CO2  laser  induced  aluminum  welding 
plasmas  was  carried  out.  In  CO2  laser  welding  the  average  electron 
density  increases  from  3x10*^  cm'^  (helium)  to  7x10*^  cm’^  if  argon 
is  used  as  process  gas,  whereas  the  average  electron  density  in  the 
case  of  CO  laser  welding  is  ~  5x10*^  cm"^,  independent  of  the  nature 
of  the  process  gas.  The  average  electron  temperatures  are  smaller  in 
CO  laser  welding  (1.2  •*  1.3  eV)  compared  to  CO2  laser  welding  (1.6 
-  1 .7  eV).  The  calculated  plasma  absorption  length  is  2  times  longer 
(helium)  and  6-7  times  longer  (argon)  for  the  CO  laser  radiation 
compared  to  the  CO2  laser  radiation.  No  differences  in  weld 
performance  has  been  observed  using  argon  instead  of  helium  as 
process  gas,  although  the  maximum  intensity  of  the  CO  laser 
radiation  in  the  focus  region  has  been  measured  one  order  of 
magnitude  higher  than  the  intensity  of  the  CO2  laser  radiation. 

Therefore  the  CO  laser  offers  interesting  prospects  in  laser  welding,  especially  of  alluminum  alloys.  The  results  are 
significantly  better  than  using  commercial  CO2  as  well  as  Nd:YAG  lasers. 
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ABSTRACT 

A  numerical  beam  propagation  model  has  been  developed  to  calculate  the  absorption  and  defocusing  of  a  CO:  laser 
beam  by  the  laser  induced  plasma  plume  during  deep  penetration  welding.  By  directly  solving  the  paraxial  wive 
equation  with  a  finite  difference  scheme,  the  model  allows  to  calculate  the  laser  beam  propagation  through  the  pi  j  .ma 
plume  and  to  determine  the  effective"  intensity  distribution  in  the  focal  plane.  In  combination  with  a  previously 
published  model  that  takes  into  account  Fresnel  absorption  at  the  keyhole  walls  and  plasma  absorption  inside  the 
keyhole,  now  a  calculation  of  the  welding  depth  as  function  of  the  process  parameter  becomes  possible.  In  particular,  the 
propagation  model  clarifies  the  role  of  plasma  absorption  above  the  workpiece.  The  calculations  identify  the  defocusing 
of  the  laser  beam  by  the  plasma  plume  as  the  main  mechanism  that  degrades  the  laser  deep  welding  process.  Absoiption 
by  the  plasma  is  shown  to  be  of  little  importance.  Additionally,  the  propagation  model  elucidates  the  process  stabilising 
potential  of  shielding  gas  mixtures,  especially  of  helium  and  argon  mixed  in  a  ratio  of  3:1;  a  result  also  of 
phenomenological  investigations  that  is  used  frequently  in  practice. 
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1.  INTRODUCTION 

A  narrow  and  deep  weld  seam  is  characteristic  for  the  laser  welding  process.  Due  to  the  high  energy  density  in  the 
focused  laser  beam  the  material  is  not  only  melted  but  vaporised.  The  back  pressure  of  the  vaporised  material  forms  a 
keyhole  in  the  melt  pool  and  keeps  it  open  against  the  surface  tension.  Inside  the  keyhole  two  energy-coupling 
mechanisms  come  into  effect.  In  the  first  case  the  energy  is  deposited  by  direct  (Fresnel)  absorption  at  the  keyhole  walls 
during  the  laser  beam’s  multi-reflection  controlled  penetration  into  the  workpiece.  In  the  second  case  the  energy  is 
absorbed  through  free  electrons  in  the  laser  induced  plasma  and  transferred  by  heat  conduction  to  the  keyhole  walls.  In 
addition  to  the  absorption  mechanisms  inside  the  keyhole  the  laser  induced  plasma  above  the  surface  reduces  the  energy 
coupled  into  the  workpiece  and  causes  refraction  of  the  laser  beam.  Particularly,  in  the  case  of  welding  with  a  CO:  laser, 
with  its  wave  length  of  10.6  pm,  the  beam  would  be  well  absorbed  in  a  pure  material-vapour  plasma  plume  and  the 
energy  coupling  in  to  the  workpiece  would  be  significantly  disturbed  or  completely  interrupted.  To  prevent  such  a 
“plasma  shielding^  a  gas  with  a  high  ionisation  potential  is  applied  for  diluting  the  plasma  plume. 

These  effects  have  been  experimentally  investigated  to  estimate  the  absorption  coefficient  and  the  refraction  index. 
All  experiments  confinn  that  the  plasma  absorption  length  greatly  exceeds  the  typical  size  of  the  plasma  plume  and 
therefore  the  plume  has  to  be  considered  transparent  as  long  as  the  metal  vapour  content  in  the  plume  can  be  diluted  less 
than  10%  with  a  shielding  gas.  Additionally,  some  theoretical  investigations  explained  (by  using  a  ray-tracing  model)  the 
defocusing  effect  of  the  plasma  caused  by  refraction  as  being  due  to  a  local  variation  of  optical  properties  within  the 
plume.  *  Since  the  ray-tracing  method  is  not  applicable  in  the  focal  area  of  a  laser  beam,  the  intensity  distribution  in  the 
focal  plane  can  not  be  exactly  derived. 

To  describe  the  intensity  distribution  in  the  focal  plane  and  hence  the  “effect! ve“  focus  diameter  the  paraxial  wave 
equation  has  to  be  solved  and  combined  with  calculated  optical  properties  of  the  plasma  plume  which  depends  on  plasma 
pressure  and  temperature  as  well  as  on  shielding  gas  composition  and  laser  wavelength.  In  combination  with  a  model  for 
laser  deep  welding  ■‘,  the  interaction  mechanisms  in  the  plasma  plume  above  the  workpiece  and  inside  the  keyhole  will  be 
separately  estimated  and  directly  compared. 
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1.  LASER  BEAM  PROPAGATION  IN  THE  PLASMA  PLUME 


The  propagation  of  an  electromagnetic  wave  through  the  plasma  is  described  by  the  wave  equation: 


V  "  +  k 


E:  phasor  amplitude  of  the  electromagnetic  field 
k:  propagation  vector  of  the  optical  field 


where  n  is  the  complex  index  of  refraction.  The  index  of  refraction  and  the  absorption  coefficient  are  calculated  by  the 
dispersion  relation  :  ^  '  <'1 - ^  ^ - 1  .  -foo  j - , 


ry-  (  ry,,  +  /  -  (o^. ) 


co:  laser  frequency 


where  and  co,,  are  the  electron  collision  frequency  and  plasma  =■  |  =  i.v 

frequency.  \f  I  ,,,  \ 

0  985  V  I 

2.1  Optical  properties  of  the  plasma  0  i  — 

To  calculate  the  values  of  the  plasma  frequency  and  the  electron  0  i5o»o  .'.0000  0  15000  .>0000 

collision  frequency  the  density  of  atoms,  ions  and  the  electron  toik  imK 

density  in  the  plasma  had  been  derived  The  resulting  absorption  Fig  1.  Optical  properties  of  various  plasmas:  p=lbar. " 

coefficient  a  as  well  as  the  refraction  index  n,^  for  shielding  gas  and  ^  ^  _ 

pure  metal  vapour  plasmas  are  presented  in  Fig.  1.  It  is  obvious  Ar  nc 

that  if  the  metal  vapour  mixes  with  the  ambient  air  or  the  shielding  A,  A 

gases  applied,  the  optical  properties  of  the  plasma  change.  The  I  \  I  \ 

absorption  coefficient  of  the  plasma  resulting  from  a  mixture  of  |  200  jrA  I  200  |a  \ 

metal  vapour  with  a  helium  or  argon  shielding  gas  is  shown  in  Fig.  ;  |  3  | 

2.  Using  a  helium  shielding  gas,  the  absorption  coefficient  can  be  100  100  Ia 

reduced  in  the  temperature  range  up  to  30000  K.  The  temperature  1^/  V 

dependence  of  the  absorption  coefficient  is  less  for  a  metal  0  ^ 

vapour/shielding  gas  mixture  than  for  just  a  pure  metal  vapour.  ^  ^  0  iS 

With  an  argon  shielding  gas,  the  reduction  of  the  plasma  absorption  tiuk  -  tiuk  i- 

coefficient  is  limited  to  temperatures  less  than  15000  K.  In  the  pig.  2.  Absorption  coefficient  of  Fe-Ar,  Fc-He  plasma 
range  above,  the  ionisation  level  of  the  argon  atoms  determines  the  mixtures;  p  =  1  bar;  shielding  gas  content:  a  =  0, 
plasma  properties.  In  this  temperature  range,  the  resulting  b  =  0.25,  c  =  0.5,  d  =  0.75,  c  =  1.^ 
absorption  coefficient  of  the  Ar-Fe  plasma  mixture  is  much  higher 

than  that  of  the  He-Fe  mixture.  *  ^  *  ‘"1  Fe.p=  i(f  Pa 

Due  to  the  optical  properties  of  the  plasma  and  their  dependence  10^  / 

on  the  electron  collision  frequency  cOc  and  density  it  is  evident  that  iPpn  / 

the  absorption  coefficient  is  a  function  of  the  ambient  pressure.  |  / //  / 

Fig.  3  shows  the  dependence  of  the  absorption  coefficient  a  on  s  ,  U /  =  / 

pressure  and  approximately  on  the  square  of  the  wavelength.  Note  U  '  / 

that  a  is  linearly  proportional  to  the  pressure.  This  connection  /  lo-  / 

emphasises  the  advantage  of  using  a  shorter  wavelength  and  low  _ 

ambient  pressure  for  laser  welding.  L - 10  - ^ 

^  5000  10000  15000  I  10 
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2.2  Propagation  through  the  plume  and  results  3 

To  calculate  the  propagation  of  a  laser  beam  in  a  medium  with  temperature,  pressure  and  laser  wave  length, 
spatially  varying  optical  constants,  the  wave  equation  has  to  be 

solved  numerically  To  determine  the  absorption  and  defraction  of  the  laser  beam  within  the  plasma  plume,  the 
temperature  distribution  and  the  shielding  gas  content  within  the  plume  have  to  be  exactly  known  -  properties,  that  are 
extremely  difficult  to  obtain  experimentally.  In  the  following  study,  therefore,  these  properties  are  pre-set  for  calculation. 
They  are  parametrically  varied  to  demonstrate  the  possible  effects  of  the  plasma  plume  upon  laser  focusing. 
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The  plasma  plume  is  assumed  to  be  elliptically  shaped  (Fig.  4)  with  a 
Gaussian  like  temperature  distribution  according  to: 


r(/-,r)=rp/„,ax-exp 


-2- 


V'pi 


(-  -  V  ^ 


(3) 


and  the  shielding  gas  is  assumed  to  be  homogeneously  distributed  within 
the  plume. 

The  effect  of  plasma  temperature  and  shielding  gas  content  is  shown  in 
Fig.  5.  For  all  shielding  gas  compositions  a  dependence  of  the  focus 
diameter  on  the  plasma  temperature  is  noticeable.  Thinning  the  iron 
plasma  by  applying  Fie  as  shielding  gas  limits  the  enlargement  of  the  focus 
radius.  For  80%  shielding  gas  content,  the  enlargement  is  less  than  2 
within  a  temperature  range  up  to  22000K.  In  contrast,  absorption  is  hardly 
effected  by  the  plasma  temperature  (for  plasma  temperatures  of  more  than 
10000  K)  but  mainly  dependent  on  the  shielding  gas  content. 


2.3  Process  stability 

Experimental  investigations  show  a  high  frequent  modulation  of  the 
plasma  temperature  \  Since  the  plasma  affected  focus  diameter  depends 
on  this  temperature,  it  obviously  fluctuates  as  well  during  processing. 
Whenever  the  plasma  temperature  varies  within  a  temperature  range 
between  12000  K  and  22000  K,  the  focus  diameter  can  temporarily 
change  by  a  factor  of  2  -  even  at  a  shielding  gas  content  of  80%  He  (Fig.  5 
curve  e).  This  might  be  one  cause  for  process  instabilities.  To  increase 
process  stability,  therefore,  the  temperature  dependence  of  the  focus 
diameter  should  be  suppressed  as  in  a  range  wide  as  possible.  This  can  be 
achieved  by  applying  appropriate  shielding  gas  mixtures  to  reduce  the 
temperature  dependence  of  the  plasma’s  optical  properties.  The  resulting 
temperature  dependence  of  the  focus  diameter  in  a  metal  vapour  plasma 
thinned  by  a  particular  process  gas  mixture  is  shown  in  Fig.  5  curve  (d). 
Whereas  pure  gases  lead  to  a  focal  spot  size  strongly  dependent  on  plasma 
temperature,  the  optimised  shielding  gas  mixture  (especially  helium  with 
argon  by  a  ratio  of  3:1)  reduces  this  dependence.  This  ensures  an  almost 
complete  decoupling  of  the  intensity  distribution  in  the  focal  plane  from 
plasma  temperature  fluctuations.  Since  the  dependence  of  the  plume 
absorption  on  plasma  temperature  is  additionally  reduced,  the  laser 
intensity  coupled  to  the  workpiece  is  almost  independent  of  plasma 
temperature.  Because  of  these  effects  He-Ar  shielding  gas  mixtures  are 
favourable  for  obtaining  stable  welding. 

Beside  the  theoretically  discussed  process  stabilising  potential  of  the 
shielding  gas  mixture,  it  has  to  be  mentioned  that  the  way  in  which  the 
mixture  is  applied  in  practice  is  of  particular  importance  for  obtaining  an 
improved  process  stability  by  using  an  appropriate  shielding  gas  mixture 
(Fig  6). 


Fig.  4.  Definition  of  the  plume  characteristic 
magnitudes 


fc  lie. A I  ctiinposilioii 


Fig.  5.  Shielding  gas  mixture  of  helium  and  argon 
by  a  ratio  3:1  reduces  the  dependency  of  the 
disturbed  focus  radius  on  the  plasma  temperature; 
ambient  pressure:  p  =  1  bar. 


poor  shielding  gas  supply 


standard  shielding  gas  supply 


;  improved  shielding  gas  supply 


Fig.  6:  The  shielding  gas  effect  is  not  only  a 
question  of  the  gas  mixture.  To  obtain  the 
advantage  of  a  He/Ar  mixture  in  a  ratio  of  3: 1,  an 
improved  shielding  gas  supply  is  necessary.'^ 
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2.4  Energy  coupling 

This  contribution  was  concentrated  on  the  influence  of  the  plasma 
plume  above  the  keyhole  on  the  focused  laser  beam.  Earlier  published 
models  considered  only  the  energy  coupling  mechanisms  inside  the 
keyhole. 

In  addition  to  the  energy  coupling  mechanisms  inside  the  keyhole  it  is 
now  possible  to  discuss  their  specific  effects  and  their  effects  as  a  whole 
respectively  on  the  welding  depth.  In  a  model  which  now  takes  into 
account  all  three  mechanisms  it  can  be  shown  that  the  plasma  inside  the 
keyhole  can  be  an  advantage  for  the  coupled  energy  e.g.  welding  of 
aluminium  with  its  a  low  Fresnel  absorption  Fig.  7.  On  the  other  hand, 
the  plasma  plume  simultaneously  increases  the  focus  diameter  and 
therefore  increases  the  threshold  power  for  the  deep  penetration  effect  and 
also  reduces  the  welding  depth  by  laser  power  values  above  threshold.  It  is 
therefore  obvious  that  local  varying  optical  properties  in  the  plume  cause 
process  instabilities  especially  when  welding  aluminium  with  CO2  lasers  up  to  5kW:  the  discussed  mechanisms  have  a 
hyper-sensitive  impact  on  the  welding  process  particularly  in  the  threshold  range. 

3.  CONCLUSION 

The  focusing  characteristics  of  a  high  power  CO2  laser  beam  in  laser  welding  is  strongly  deteriorated  due  to  refraction 
and  absorption  by  the  plasma  plume.  These  negative  effects  can  be  minimised  by  applying  appropriate  shielding  gases. 
From  experiments  it  is  known  that  a  shielding  gas  mixture  of  helium  and  argon  in  a  ratio  of  3:1  applied  for  diluting  the 
metal-vapour  plasma  shows  a  process  stabilising  potential. 

The  discussed  effects  can  be  explained  by  a  numerical  beam  propagation  model.  The  model  accounts  for  the 
absorption  and  defocusing  of  a  CO2  laser  beam  by  the  laser  induced  plasma  plume  in  deep  penetration  welding.  By 
directly  solving  the  paraxial  wave  equation  with  a  finite  difference  scheme,  the  model  allows  to  calculate  the  laser  beam 
propagation  through  the  plasma  plume  and  to  determine  the  "effective"  intensity  distribution  in  the  focal  plane. 

It  was  found  that  a  metal-vapour  plasma  plume  diluted  by  shielding  gases  has  to  be  considered  as  highly  transparent. 
Nevertheless,  a  considerable  amount  of  refraction  is  present.  Plasma  defocusing  and  not  plasma  absorption,  therefore,  is 
identified  to  be  the  main  effect  for  the  so-called  "plasma  shielding"  observed  in  laser  welding. 

Additionally,  defocusing  by  a  plume  diluted  by  a  pure  shielding  gas  depends  on  the  plasma  temperature.  Since  the 
plasma  temperature  has  a  high  frequent  modulation,  the  plasma-effected  focus  diameter  fluctuates  as  well.  Applying  an 
appropriate  shielding  gas  mixture  reduces  the  dependency  of  the  focus  diameter  on  the  plasma  temperature  and,  therefore, 
dampens  the  plasma  induced  intensity  fluctuations  of  the  focused  laser  beam.  A  mixture  of  helium  and  argon  by  a  ratio  of 
3:1  is  found  to  be  favourable  to  enhance  process  stability. 
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Fig.  7.  Influence  of  interaction  mechanisms  on 
the  coupled  and  simultaneous  effect  in  the 
process;  not  effected  by  the  plasma  plume:  rf  = 
0.24  mm,  effected  by  the  plasma  plume:  rt'=  0.36 
mm,  Un  =  2  m/min,  Zf  =  0  mm.  Mode:  TEMOl  *. 
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ABSTRACT 

A  continuous  CO2  laser  of  1.35  kW  has  been  used  to  study  the  welding  of  5mm  thick  stainless  steel  for  pressures 
ranging  from  0.1  to  0.8  MPa  in  increments  of  0.1  MPa.  Experimental  data  including  penetration  depths,  weld 
widths,  and  in  some  cases  weld  pool  profiles  has  been  obtained  for  each  value  of  the  pressure  using  different 
mixtures  of  argon  and  helium  shielding  gases.  In  a  previous  paper  it  has  been  reported  that  keyhole  welding 
could  not  be  carried  out  for  pressures  significantly  in  excess  of  atmospheric  pressure  using  pure  argon  and 
nitrogen  shielding  gases,  but  that  the  process  was  possible  at  pressures  up  to  0.8  MPa  using  helium.  In  the 
present  paper  the  critical  pressure  for  keyhole  welding  is  determined  as  a  function  of  the  mixed  shielding  gas 
composition.  The  laser  material  interaction  is  analysed  by  solving  the  heat  conduction  equation  with  line  and 
point  heat  sources  representing  the  keyhole  and  plume  respectively.  The  line  source  strength  is  itself  calculated 
from  consideration  of  the  inverse  bremsstrahlung  and  Fresnel  absorption  processes  in  the  keyhole.  It  is  concluded 
that  successful  laser  welding  in  the  hyperbaric  range  crucially  hinges  on  good  plume  control  through  the  effective 
delivery  of  an  appropriate  shielding  gas  mixture. 

keywords:  hyperbaric,  laser  welding,  thermal  modelling,  shielding  gases 

1.  INTRODUCTION 

Laser  welding  of  5mm  thick  sheets  of  stainless  steel  has  been  carried  out  in  a  hyperbaric  chamber  using  a 
cw  CO2  laser.  The  purpose  of  this  study  has  been  to  determine  the  effects  of  pressure  on  the  laser  material 
interaction.  In  a  previous  paper^  based  on  a  similar  experimental  setup  it  has  been  reported  that  keyhole 
welding  was  not  possible  for  pressures  significantly  in  excess  of  atmospheric  pressure  using  pure  argon  and 
nitrogen  shielding  gases  due  to  the  blocking  effect  of  the  plume,  but  that  the  process  was  possible  at  pressures 
up  to  0.8  MPa  using  helium.  In  the  present  paper  this  existing  study  has  been  extended  to  include  mixtures 
of  argon  and  helium  shielding  gases.  Two  further  differences  from  the  original  paper  are  as  follows.  Firstly, 
the  F  number  of  the  near  Gaussian  laser  beam  used  in  the  experiments  has  been  increased  from  4.0  to  6.0  and 
this  has  been  found  to  produce  a  marked  reduction  in  the  penetration  depths  of  the  welds  at  corresponding 
pressures.  Secondly,  the  point  and  line  source  model  employed  to  analyse  the  experimental  weld  pool  profiles 
in  the  original  paper  has  been  extended  to  include  formula  for  both  the  strength  and  length  of  the  line  source. 
These  are  shown  to  give  good  agreement  with  experiment. 

The  experimental  configuration  has  been  described  in  detail  in  our  earlier  paper.  The  laser  beam  is  admitted 
into  the  hyperbaric  chamber  through  two  Zinc-Selenide  windows  designed  to  minimise  the  effects  of  distortion 
at  the  elevated  pressures.  It  is  then  directed  through  the  shielding  gas  nozzle  and  downwards  onto  the  workpiece 
by  a  system  of  reflecting  and  focussing  mirrors.  The  shielding  gas  nozzle  is  situated  about  10mm  above  the 
translating  workpiece.  In  the  interests  of  maintaining  control  over  gas  dynamic  effects  in  the  weld  zone  the  rate 
of  mass  flow  through  the  chamber  was  kept  constant  for  the  range  of  gases  and  pressures  used  at  a  value  of  550 
g/h.  The  welding  speed  throughout  the  trials  was  2.5  m/min  and  the  stainless  steel  test  pieces  were  all  of  the 
same  dimensions  i.e.  160  x  20  x  5  mm. 


2.  MATHEMATICAL  MODEL 

One  of  the  simplest  methods  of  analysing  experimental  weld  pool  cross-sections  is  to  make  use  of  line  and  point 
sources^’^’^  to  represent  the  thermal  influence  of  the  laser  generated  keyhole  and  plume  respectively.  The  steady 
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state  heat  conduction  equation  is  solved  using  these  point  and  line  sources  and  their  strengths  are  adjusted  until 
the  calculated  weld  pool  profiles  matches  the  experimental  weld.  Three  constants,  the  point  source  strength 
as  well  as  the  strength  and  length  of  the  line  source,  are  therfore  needed  in  order  to  calculate  the  temperature 
distribution  in  the  workpiece  for  each  weld.  In  the  present  paper  the  line  source  strength  and  length  are  both 
calculated  from  consideration  of  the  absorption  processes  in  the  keyhole.  The  number  of  arbitrary  parameters 
that  need  to  be  fixed  for  each  weld  is  therefore  effectively  reduced  from  three  to  one. 

The  formula  for  the  line  source  strength  Ql  (ie.  the  power  deposition  per  unit  depth  in  the  keyhole)  is  based 
on  the  integrated  keyhole  and  weld  pool  model  of  Ducharme^  et  al  The  model  assumes  that  Qi  is  made  up 
of  contributions  from  inverse  bremsstrahlung  absorption  in  the  keyhole  plasma  and  Fresnel  absorption  on  the 
keyhole  wall.  For  weld  translation  speeds  less  than  a  certain  critical  value  Uc  the  plasma  contribution  by  itself 
will  be  sufficient  to  maintain  a  keyhole  radius  larger  than  the  radius  ro  of  the  incident  laser  beam.  Under  these 
conditions 

Ql  =  {LPo)^^^  (U  <  Uc) 

where  Po  is  the  incident  laser  power  and  L  =  Sl50W/m?  is  the  linking  intensity  for  the  action  of  a  cw  CO2 
laser  beam  on  steel.  At  weld  speeds  greater  than  however,  the  radius  of  the  keyhole  will  be  smaller  than 
ro  forcing  a  direct  interaction  to  take  place  between  the  laser  light  and  the  wail  of  the  keyhole.  From  analysis 
of  the  experimental  data^’^’^  it  appears  that  the  Fresnel  contribution  arising  from  this  direct  interaction  is 
proportional  to  the  weld  translation  speed  but  effectively  independent  of  the  laser  power.  This  result  finds 
expression  in  the  form 

Ql  =  (LPo)'/"  +  A.{U  -  Uc)  {U  >  Uc) 

where  A  =  10^  J/m^. 

The  critical  velocity  Uc  is  calculated  by  equating  the  line  source  strength  to  the  power  per  unit  depth  needed 
to  maintain  a  uniform  circular  keyhole  of  radius  tq  assuming  that  the  keyhole  wall  is  at  the  boiling  temperature 
Tv  of  the  metal  being  welded.  This  condition  gives 

(LPo)'/'  =  2nkiTv  -  To)cyl 


with 
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where  Jo  and  Kq  are  modified  Bessel  functions  of  the  first  and  second  kinds,  k  and  k  denote  the  thermal 
conductivity  and  diffusivity  of  steel  and  To  is  the  ambient  temperature.  This  equation  is  readily  solved  using  a 
binary  chop  algorithm. 

The  line  source  length  d  is  calculated  from  the  expression 


j  (1  -  e)Po  -  Qp 

— el - 

where  e  is  the  proportion  of  the  energy  in  the  laser  beam  which  is  not  absorbed  in  the  workpiece.  Typically 
e  falls  in  the  range  0.1  to  0.3  for  partially  penetrated  keyhole  welds,  so  that  e  =  0.2  is  usually  a  good  default 
value. 


3.  DISCUSSION  OF  RESULTS 

Experimental  weld  pool  cross-sections  have  been  obtained  using  a  near  Gaussian  cw  CO2  laser  beam  with 
F  numbers  of  4.0  and  6.0.  Table  1  lists  the  focal  spot  radii^,  the  critical  velocities,  the  line  source  strengths 
and  the  width  of  the  parallel  sided  stem  part  of  the  welds  produced  using  each  of  these  F  numbers.  Table  2 
compares  the  experimental  and  calculated  values  of  both  the  weld  width  at  the  top  of  the  workpiece  and  the 
penetration  depth  for  28  different  welds.  In  each  case  the  line  source  strength  has  been  taken  from  table  1.  The 
point  source  strength  has  then  been  varied  until  the  calculated  weld  pool  profile  is  a  reasonably  good  match  to 
the  experimental  profile. 

Welds  1  to  13  have  been  obtained  using  pure  helium  shielding  gas  and  an  F  number  of  4.  It  can  be  seen 
that  as  the  pressure  rises  the  point  source  strength  increases  and  the  weld  penetration  depth  decreases.  The 
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F  no. 

beam 

radius  (mm) 

critical 

vel.(mm/s) 

line  source 
(W/mm) 

stem 

width  (mm) 

4.0 

0.055 

45.0 

270 

0.38 

6.0 

0.080 

33.0 

350 

0.53 

Table  1:  Laser  beam  radius  and  line  source  strength. 


increasing  strength  of  the  point  source  is  due  to  the  enhanced  inverse  bremsstrahlung  absorption  in  the  plume 
with  rising  pressure.  The  effect  attenuates  the  available  power  in  the  laser  beam  and  is  therefore  responsible  for 
the  reduction  in  the  weld  penetration  depth.  Notice  above  0.55  MPa  that  both  the  experimental  and  theoretical 
top  weld  widths  become  insensitive  to  the  point  source  strength.  This  is  because  the  weld  penetration  depth  has 
become  significantly  shorter  than  the  top  weld  width.  Under  these  conditions  the  top  weld  width  asymptotically 
approaches  the  maximum  possible  value  of  1.8  mm  corresponding  to  a  pure  point  source  of  1080  W. 

Welds  14  to  17  show  that  at  atmospheric  pressure  shielding  composition  has  very  little  effect  on  the  weld 
pool  profile.  It  is,  however,  interesting  to  compare  welds  1  and  14.  The  only  difference  in  operating  conditions 
between  these  welds  is  that  the  F  number  has  been  increased  from  4.0  to  6.0.  It  is  clear  that  this  has  had  little 
effect  on  the  point  source  strength  but  has  produced  a  significant  reduction  in  the  penetration  depth.  This  is 
because  the  larger  diameter  laser  beam  interacts  more  strongly  with  the  keyhole  wall.  Since  the  total  power 
in  the  laser  beam  is  fixed  a  greater  power  dissipation  per  unit  depth  in  the  keyhole  leads  to  a  corresponding 
reduction  in  its  length. 

Welds  18  to  21  have  been  obtained  using  10%  argon  in  helium  shielding  gas  mixture  and  an  F  number  of 
6.0.  The  results  show  similar  trends  to  those  discussed  in  connection  with  welds  1  to  13.  The  point  source 
strengths  are  similar  at  corresponding  pressures  but  the  penetration  depths  are  shorter  as  might  be  expected 
given  the  increase  in  the  F  number.  It  appears  that  pure  helium  shielding  gas  and  the  10%  argon  in  helium 
mixture  behave  similarly.  The  presence  of  the  argon  would  make  a  difference,  however,  if  an  attempt  were  being 
made  to  use  the  shielding  gas  to  disrupt  the  plume.  This  is  usually  achieved  by  delivering  a  high  flow  rate  of 
shielding  gas  from  the  side  rather  than  from  above.  The  gas  mixture  containing  10%  argon  can  be  expected 
to  perform  better  under  these  circumstances  given  that  this  mixture  is  approximately  twice  as  dense  as  pure 
helium  and  therefore  more  able  to  dislodge  the  plume.  It  is,  of  course,  the  growth  of  the  plume  that  determines 
the  critical  pressure  for  the  failure  of  keyhole  welding.  Consequently,  disruption  of  the  plume  is  clearly  one 
method  by  which  the  critical  pressure  for  keyhole  welding  might  be  increased. 

Welds  22  to  28  illustrate  the  failure  of  keyhole  welding  at  different  critical  pressures  depending  on  the 
absolute  pressure.  The  critical  pressure  for  keyhole  welding  is  less  than  0.2MPa  in  a  pure  argon  shielding  gas 
environment.  This  is  increased  to  above  0.3MPa  if  the  proportion  of  argon  is  reduced  to  40%,  0.4MPa  if  it  is 
reduced  to  20%  and  0.7  MPa  if  pure  helium  is  used.  It  is  notable  that  the  failure  of  keyhole  welding  involves 
more  than  just  the  disappearance  of  the  line  source.  In  particular,  there  is  also  a  sudden  drop  in  the  top  weld 
width  indicating  that  a  much  smaller  proportion  of  the  laser  power  is  absorbed  in  the  workpiece  once  keyhole 
welding  fails. 
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Table  2:  Comparison  of  experimental  and  predicted  weld  geometries. 
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ABSTRACT 

We  describe  a  non-intrusive  optical  sensor  for  process  monitoring  of  Nd:YAG  laser  welding,  using  light  returned  through 
the  core  of  the  power  delivery  optical  fibre.  This  sensor  is  referred  to  as  the  core  power  monitor  (core  PM),  and  uses  the 
delivery  fibre  to  collect  the  broadband  light  generated  in  the  process,  which  is  then  divided  into  spectral  bands  (designated  as 
UV/visible  and  IR).  These  optical  signals  exhibit  a  characteristic  oscillatory  intensity  modulation  within  the  frequenry  range 
2-5  kHz,  which  is  believed  to  arise  from  a  combination  of  keyhole  and  weld  pool  oscillations.  The  frequency  content  may 
be  related  to  the  size  and  shape  of  the  welding  keyhole,  and  an  alarm  system  for  overlap  welding  has  been  developed  based 
on  this  principle.  This  can  detect  both  misalignment  of  the  focused  laser  spot  off  the  seam,  and  any  excessive  gap  between 
the  plates. 

Keywords:  laser  welding,  process  monitoring,  seam  tracking 

1.  INTRODUCTION 

Laser  welding  is  becoming  a  more  widely  used  jointing  technique  in  many  applications  in,  for  example,  the  aerospace  and 
automotive  industries.  As  with  all  welding  techniques,  the  relationship  between  process  parameters  and  ultimate  weld 
quality  is  complex,  and  so  in-process  monitoring  of  the  welding  process  is  advantageous  to  avoid  time-consuming  post¬ 
process  analysis.  Closing  the  loop  to  give  real-time  process  control  will  greatly  aid  the  development  of  reliable  and  flexible 
automated  systems,  particularly  important  when  welding  very  large  structures  (e.g.  aerospace)  where  scrapped  parts  can 
prove  very  expensive. 

In  this  paper  we  describe  an  optical  sensor  which  detects  the  radiation  generated  in  laser  welding,  and  which  can  '  ‘jseci  as 
an  alarm  system  for  overlap  seam  welding,  using  a  2  kW  Nd;YAG  laser  with  fibre  delivery.  This  alarm  systei  a 

analysing  the  intensity  modulation  of  the  detected  optical  signals,  which  is  dependent  on  the  size  and  shape  of  t 
keyhole.  In  particular,  there  is  a  significant  change  in  signal  at  the  transition  between  a  partial  and  fully  penetratir; 
which  generates  the  alarm.  We  have  previously  used  this  optical  sensor  as  the  basis  of  a  focus  control  system  fo* 
which  can  operate  in  parallel  with  the  alarm.  In  addition  to  ensuring  constant  focus,  this  combined  operation  w. 
the  direction  of  any  seam  tracking  error. 

Many  authors  have  attempted  to  detect  events  in  the  welding  process  by  observing  the  optical  radiation  emitted.  Various 
techniques  have  been  used  to  monitor  this  radiation  including  direct  pick-up  with  photo-diodes  in  various  positions',  using 
an  optical  fibre  to  collect  the  radiation^,  and  monitoring  the  light  returned  either  through  the  cladding"^  or  core^  of  the  power 
delivery  fibre.  In  this  paper  the  light  returned  through  the  core  of  the  delivery  fibre  is  detected  at  the  rear  of  a  laser  turning 
mirror;  this  sensor  is  referred  to  as  the  core  power  monitor  (PM). 

2.  THEORY 

Laser  welding  is  known  to  generate  oscillatory  optical  and  acoustic  signals.  There  are  many  theoretical  papers  appearing  in 
the  literature  dealing  with  the  establishment  of  the  welding  keyhole  and  the  origins  of  these  oscillatory  signals.  There  are 
two  main  hypotheses.  Firstly  it  has  been  argued  that  the  oscillations  are  due  to  instabilities  in  the  keyhole.  It  has  also  been 
proposed  that  there  are  oscillations  in  the  weld  pool  due  to  the  propagation  of  capillary  waves.  It  is  unlikely  that  these  two 
phenomena  are  mutually  independent.  The  keyhole  created  during  laser  welding  is  held  open  by  a  pressure  balance 
combined  with  an  energy  balance.  The  pressure  balance  requires  that  the  surface  tension  is  compensated  by  the  sum  of  the 
recoil  pressure  of  particles  ablated  at  the  keyhole  surface,  and  excess  pressure  due  to  gas  flow  out  of  the  keyhole.  The 
transport  of  a  small  amount  of  metal  vapour  across  the  keyhole  has  also  been  proposed  as  a  further  possible  keyhole- 
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sustaining  pressure.  It  can  be  argued  that  weld  pool  oscillations  are  established  due  to  varying  surface  tension  A(r) 
depending  only  on  the  radial  coordinate  r.  The  surface  tension  of  the  molten  weld  pool  depends  on  temperature,  and 
because  of  the  variation  of  the  temperature  of  the  weld  pool  with  distance  from  the  laser  it  is  expected  that  the  surface 
tension  in  turn  depends  on  r.  This  effect  establishes  the  capillary  waves  within  the  weld  pool. 

3,  EXPERIMENTS  AND  RESULTS 

The  experimental  arrangement  is  shown  in  fig.l  The  core  PM  is  incorporated  into  a  Lumonics  MultiWaveTM  2000 
Nd:YAG  laser,  and  welds  are  produced  by  translating  the  workpiece  under  the  effector  optics.  The  optical  radiation  emitted 
from  the  laser/work-piece  interaction  zone  is  partially  collected  by  the  effector  optics  and  imaged  into  the  core  of  the  power 
delivery  fibre.  The  fibre  guides  this  light  back  to  the  laser  head,  where  a  portion  of  it  is  transmitted  at  a  dielectric  turning 
mirror  outside  the  laser  cavity.  After  the  turning  mirror  the  process  radiation  is  split  into  two  spectral  bands:  0.3  -  0.7  pm, 
described  as  UV/visible,  and  1.1  -  1.6  pm,  described  as  IR.  The  detected  signals  were  sampled  at  20  kHz  and  stored 
digitally  for  subsequent  analysis. 
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<  700  nm 
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1  mm  core  delivery  fibre 
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>  1 100  nm  power  monitor 
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Work  Piec 


Linear  Translation  Stag 
Figure!:  Experimental  set-up. 


3.1  Effect  of  changing  materia!  thickness 

To  explore  the  effect  of  material  thickness  on  the  optical  signals  a  bead-on-plate  weld  was  produced  across  a  mild  steel 
wedge  with  a  0.3°  angle  at  a  traverse  speed  of  3  m  min'*.  The  wedge  was  0.7  mm  thick  at  its  thin  end  and  200  mm  long,  and 
orientated  such  that  optimum  focus  was  maintained  on  the  top  surface.  The  laser  was  operated  at  2  kW  in  continuous  wave 
(CW)  mode,  and  an  argon  gas  shield  was  used  to  prevent  oxidation  in  the  weld  bead  and  surrounding  material. 

A  Gabor  spectrogram  was  derived  from  the  captured  signals  using  a  512  point  sliding  Hanning  window.  The  UV/visible 
spectrogram  is  plotted  in  figure  2,  and  shows  the  frequency  content  of  the  time  series  as  a  function  of  time.  This  spectrogram 
shows  that  for  a  fully  penetrating  keyhole  there  is  a  very  distinct  peak,  at  decreasing  frequencies  as  the  material  gets  thicker. 
The  peak  vanishes  during  the  transfer  from  the  fully  penetrating  to  partially  penetrating  regimes,  and  the  modulation 
spectrum  becomes  broad-band.  The  IR  spectrogram  is  very  similar  to  the  UV  one. 

3.2  Application  to  overlap  welding 

The  distinct  frequency  peak  which  is  apparent  in  the  above  results  may  be  exploited  as  a  lap  welding  alarm  signal.  The 
usual  practice  when  lap  welding  with  Nd:YAG  lasers  is  to  weld  as  fast  as  possible  whilst  maintaining  a  fully-penetrating 
weld  bead  through  both  sheets.  Despite  the  weld  bead  being  fully  penetrating,  however,  the  keyhole  is  not,  so  a  broadband 
signal  is  observed.  However,  if  the  laser  beam  moves  off  the  seam,  or  the  gap  between  the  sheets  becomes  too  large, 
welding  only  occurs  in  a  single  sheet.  In  this  case  the  keyhole  will  be  fully  penetrating,  creating  a  distinct  frequency  peak. 

As  shown  in  fig  3(a),  overlapping  pieces  of  1  mm  thick  mild  steel  sheet  were  used  as  a  workpiece  in  the  experimental 
arrangement  described  above  to  produce  a  simulated  lap-weld.  The  signals  of  importance  are  those  produced  when  the 
Nd:YAG  laser  moves  off  the  seam,  so  we  welded  across  rather  than  along  it.  The  effect  of  varying  the  gap  between  the 
plates  was  also  investigated  using  the  work-piece  configuration  schematically  shown  in  figure  3(b), 
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Figure  2:  Spectrogram  of  UV/visible  signal  produced  when  welding  mild  steel  wedge  in  the  direction  from 
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Figure  3:  (a)  Mild  steel  stepped  work-piece,  (b)  lap-weld  with  gap. 

The  UV/visible  Gabor  spectrogram  generated  when  welding  across  the  simulation  lap  weld  is  shown  in  figure  4.  As 
expected,  when  the  laser  moves  off  the  seam  (i.e.,  the  laser  is  directed  at  the  single-thickness  material,  rather  than  an 
overlapping  region)  then  a  distinct  frequency  peak  appears.  In  addition,  the  amplitudes  of  this  frequency  peak  are  different 
to  the  left  and  right  of  the  seam.  On  one  side  of  the  seam  the  laser  beam  remains  in  focus  on  the  surface  of  the  work-piece, 
and  on  the  other  it  is  1  mm  out  of  focus.  This  asymmetry  is  potentially  exploitable  to  yield  directional  information  in  seam¬ 
following.  Probably  a  more  practical  fail-safe  method  of  obtaining  directionality  is  to  use  this  system  in  conjunction  with 
the  previously  developed  closed-loop  focus  control  system  which  uses  the  same  sensor  but  different  signal  processing’. 

To  generate  the  alarm  signal,  a  computer  with  an  A/D  card  is  used  to  sample  the  detected  signal.  An  FFT  is  taken,  and  if  a 
frequency  peak  above  a  certain  threshold  exists  in  a  predefined  frequency  bin  around  3  kHz  then  an  alarm  signal  is 
generated.  The  appropriate  threshold  level  and  frequency  bin  are  defined  by  the  sheet  thickness. 


Figure  5  shows  the  intensity  signal  obtained  from  the  core  PM  as  well  as  the  alarm  signal  which  is  obtained  when  seam 
tracking  alignment  is  lost  when  welding  at  3  m/min.  There  is  a  slight  delay  in  the  alarm  signal  due  to  the  time  it  takes  to 
capture  the  data  and  perform  an  FFT  of  1024  data  points.  Figure  6  shows  the  intensity  signal  obtained  from  the  core  PM  as 
well  as  the  alarm  signal  which  is  obtained  when  welding  a  work-piece  like  that  shown  in  figure  3  (b)  in  the  direction  from 
zero  gap  to  a  gap  of  1  mm  between  the  plates,  again  welding  at  3  m/min.  Figure  9  shows  the  spectrogram  of  the  intensity 
signal  shown  in  figure  8.  We  only  detect  the  peak  in  the  frequency  signal  once  the  gap  exceeds  a  certain  threshold  leading 
to  full  penetration  on  the  top  plate,  unaffected  by  the  bottom  plate.  From  figure  8  it  can  be  calculated  that  this  gap  threshold 
is  approximately  0.7  mm. 
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4,  DISCUSSION  AND  CONCLUSIONS 

We  have  described  an  optical  sensing  technique  which  can  be  used  to  collect  the  optical  radiation  emitted  from  a  laser 
welding  process.  Initial  experiments  have  been  conducted  to  investigate  the  effect  of  the  material  thickness  on  the  signals. 
For  a  fully  penetrating  keyhole  the  signals  obtained  by  the  core  PM  show  a  distinct  frequency  peak  between  2-4  kHz 
depending  on  the  material  thickness,  with  lower  frequencies  for  thicker  material.  The  peak  disappeared  when  the  material 
was  too  thick  to  allow  a  fully  penetrating  keyhole.  This  phenomenon  was  used  as  the  basis  of  a  lap-welding  alarm  system 
which  detects  both  seam  tracking  errors  and  excessive  gaps. 
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Figure  4:  Spectrogram  of  UV/visible  signal  obtained  when  welding  stepped  work-piece. 
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Figure  5:  Alarm  signal  indicating  (a)  seam  mistracking  and  (b)  excessive  gap  between  the  plates 
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ABSTRACT 

The  thermal  radiation  from  the  weld-pool  is  measured  at  two  wavelengths  through  the  laser  delivery  fiber  between 
Nd:YAG  laser  pulses.  The  chromatic  aberration  of  delivery  optics  has  been  optimized  to  detect  the  variation  of  weld  bead 
width.  The  design  of  optics  and  the  signal  processing  algorithm  for  optical  monitoring  is  described.  Furthermore,  the 
applications  of  optical  monitoring  to  the  detection  of  power  variation  and  focus  shift  are  shown. 

Keywords  :  Weld  Process  Monitoring,  Chromatic  Aberration,  Nd:YAG  laser,  Thermal  Radiation,  Focus  Shift 


1.  INTRODUCTION 

Laser  welding  is  becoming  a  common  tool  in  industry.  The  process  monitoring  of  laser  welding  has  been  attracting  many 
researcher's  interests  due  to  its  importance  in  the  optimization  of  laser  welding  parameters*.  However,  due  to  its  complex 
nature,  the  monitoring  has  been  quite  qualitative  and  the  sensitivity  of  it  was  not  mentioned. 

Since  the  advent  of  laser,  the  remote  materials  processing  by  laser  beam  delivery  was  considered  to  be  pertinent  for 
nuclear  applications  due  to  the  limited  human  accessibility  in  nuclear  facilities.  The  laser  welding  has  also  been  used  in 
repair  welding  of  steam  generator  heat  exchange  tubes  in  nuclear  power  plants  as  soon  as  the  kW  class  NdiYAG  lasers 
became  available  in  industry.  For  this  repair  welding,  Nd:YAG  laser  is  delivered  through  a  fiber  and  focused  on  the  inside 
of  sleeve  tube  and  a  tilted  mirror  is  rotated  for  the  circumferential  welding  of  sleeve  and  heat  exchange  tubes.  The 
soundness  of  welding  has  to  be  investigated  by  ultra-sonic  or  eddy-current  test  after  welding.  To  make  sure  the  sound 
welding,  one  has  to  monitor  if  the  laser  is  being  kept  on  focused  along  the  circumference.  Furthermore,  the  powe?  failure 
due  to  the  damage  of  delivery  optics  has  to  be  detected  before  the  disaster.  Also,  the  full-penetration  welding  or  excessive 
deep  welding  has  to  be  located  for  rewelding  or  tube-plugging  because  they  can  not  be  considered  to  be  resistant  c  * '.rugh  for 
corrosion  anymore.  A  optical  monitoring  was  invented ,  but  it  could  detect  the  power  failure  only^. 

The  objective  of  this  paper  is  to  demonstrate  the  performances  of  optical  monitoring  which  measures  on  tliermal 
radiation  at  two  or  three  wavelengths.  The  multi-wavelength  thermal  radiation  was  also  measured  for  weld  process 
monitoring^.  However,  the  main  features  of  this  paper  are  the  chromatic  aberration  introduced  in  the  delivery  optics,  the 
measurement  of  delayed  thermal  radiation  and  the  special  signal  processing  algorithms.  Due  to  the  spherical  aberration  of 
delivery  optics,  the  transmittance  of  thermal  radiation  through  the  fiber  varies  over  the  weld-pool  area  and  also,  due  to  the 
chromatic  aberration  ,  this  transmittance  distribution  over  the  weld-pool  area  depends  on  the  wavelength.  Therefore,  the 
effects  of  the  variation  of  weld-pool  size  or  the  change  in  the  distribution  of  weld-pool  surface  temperature  are  different  for 
each  wavelength  and  the  change  in  weld-pool  surface  status  can  be  detected  by  measuring  the  thermal  radiation  signals  at 
two  wavelengths.  Furthermore,  the  thermal  radiation  signals  measured  after  various  delays  can  give  information  on  the 
inside  status  of  weld-pool  such  as  the  weld  depth,  gap  between  the  weld  metals,  full-penetration,  etc.  The  decay  of  thermal 
radiation  is  getting  slower  as  the  weld-pool  depth  becomes  deeper.  Furthermore,  the  decay  of  weld-pool  is  not  uniform  if 
some  part  of  the  weld-pool  is  getting  closer  to  the  air.  The  decay  of  that  part  becomes  slower  than  the  remaining  weld-pool. 
In  other  words,  the  status  of  whole  weld-pool,  surface  and  deep  inside,  can  be  monitored  from  the  thermal  radiation  signals. 
This  optical  weld  process  monitoring  can  be  used  in  the  optimization  and  evaluation  of  welding  process. 

To  obtain  the  information  on  the  weld-pool  status,  the  ratio  of  the  thermal  radiation  signals  at  two  wavelengths  and  also 
the  ratio  of  the  decay  of  thermal  radiation  signals  are  used.  It  is  better  than  the  direct  use  of  the  thermal  radiation  signals 
which  are  easily  affected  by  environmental  parameters.  The  effects  of  environmental  parameters  can  be  compensated  in  the 
division  of  two  similar  signals.  The  main  advantage  is  that  the  thermal  radiation  is  being  detected  during  the  welding 
process  in  real-time  where  the  radiation  signal  not  only  depends  on  the  laser  parameters  and  focus  position  but  also  is 
affected  by  the  environmental  parameters  such  as  weld  metal  temperature,  shielding  gas  flow,  spattering,  depth  of  weld-pool, 
deep  cooling  inside  of  weld-pool,  etc.  Therefore,  the  multi-wavelength  thermal  radiation  signals  have  some  information 
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related  on  these  environmental  parameters  and  can  give  more  realistic  information  for  the  evaluation  of  welding  status  in 
real-time. 


n  OPTICAL  ANALYSIS 

Fig.l  shows  the  schematic  of  fiber  delivery  system  for  remote  laser  welding.  Due  to  the  spherical  aberration  of  the 
collimating  and  focusing  lenses,  the  focused  laser  spot  is  larger  than  the  geometrical  image  of  the  fiber  aperture. 
Furthermore,  the  size  of  weld-pool  is  larger  than  the  focused  laser  spot  due  to  the  thermal  conduction.  Now,  the  thermal 
radiation  from  the  weld-pool  has  to  be  reimaged  by  the  focusing  and  collimating  lenses  and  has  to  pass  the  fiber  to  get  to  the 
detector.  Due  to  the  spherical  and  chromatic  aberrations  of  the  lenses,  the  transmittance  of  the  thermal  radiation  through  the 
fiber  depends  on  the  position  of  thermal  radiation  source  and  the  wavelength.  The  dependence  is  illustrated  in  Fig.2.  Two 
plano-convex  SF6  lenses  with  25  mm  focal  length  are  used  for  1  to  1  imaging  of  1  mm  diameter  fiber.  The  f  number  of  the 
focusing  lens  is  assumed  as  F/3. 1. 

The  950  run  wavelength  is  chosen  because  the  1.064  urn  Nd:YAG  laser  can  be  cut  off  with  optical  filter  to  protect  the  Si 
detector,  but  it  is  close  enough  to  the  1.064  urn  to  maintain  the  same  chromatic  property.  The  other  532  nm  is  chosen 
because  it  is  far  from  the  950  nm  to  show  the  chromatic  aberration  such  that  each  wavelength  can  see  the  weld-pool  of 
Hifferptit  radius  and  the  transmittance  has  the  different  profile  at  each  wavelength.  Now,  even  if  we  measure  the  thermal 
signal  integrated  from  the  whole  weld-pool  apertme,  we  can  find  the  local  change  on  the  weld-pool  surface.  Furthermore, 
the  thermal  radiation  signal  at  532  nm  is  large  enough  to  detect  and  the  532  nm  band-pass  filter  is  commercially  available. 


I 

E 


weld  widlh(mm] 


Fig.  1  Laser  Delivery  Optical  System 


(a)  at  532  nm 

Fig.2  Transmittance  Distribution  vs. 


(b)  950  nm 

Position  of  Thermal  Soiurce 


IIL  EXPERIMENTAL  SETUP 

The  schematic  of  optical  monitoring  system  is  shown  in  Fig.3.  Three  Si  detectors  (  Thor  Labsi  DET2-Si )  are  used  to 
monitor  up  to  three  wavelengths  of  thermal  radiation,  but  only  two  channels  are  used  in  this  experiment.  The  laser  pulse  is 
also  monitored  for  synchronization  of  trigger  pulse.  An  interface  is  designed  to  capture  the  two  thermal  radiation  signals 
five  times  at  every  fixed  amount  of  delay  after  the  end  of  each  laser  pulse.  Then,  the  ratio  of  two  thermal  radiation  signals 
and  the  ratio  of  the  decays  of  the  same  signals  are  calculated  and  displayed  for  analysis.  The  decay  of  each  thermal  radiation 
signal  is  calculated  either  by  the  difference  or  the  ratio  between  one  signal  and  the  next  delayed  signal. 


VL  APPLICATIONS  and  RESULTS 

The  feasibility  of  optical  monitoring  was  investigated  in  laser  welding  of  Inconel  600  plates.  Fig.2  (b)  shows  that  if  the 
weld  bead  width  is  smaller  than  1.5  mm,  the  950  nm  signal  can  be  used  for  the  monitoring  of  focus  shift  up  to  ±  1.5  mm  . 
The  950  nm  signal  for  2  mm  focus  shift  at  225  W  average  power  is  shown  in  Fig.4.  It  shows  10  %  signal  drop  for  0.5  mm 
focus  shift  near  the  best  focus.  Therefore,  it  can  be  used  in  locating  the  absolute  position  of  focus  with  accuracy  of  0.5  mm. 
The  225  W  power  is  not  enough  for  the  welding,  but  is  large  enough  for  preheating.  So,  the  optical  monitoring  can  check 
the  focus  status  before  main  welding. 
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Fig.  3  Schematic  of  Optical  Monitoring  System  Fig.4  Variation  of  950  nm  signal  vs.  Focus  shift  ( at  225  W ) 


Fig. 2  also  shows  that  if  the  weld  bead  width  is  larger  than  1.5  mm,  the  ratio  of  532  nm  and  950  nm  signals  can  be  used 
for  monitoring  of  the  weld  bead  width.  The  ratio  increases  as  the  width  is  getting  wider.  If  we  vary  the  delay  to  measure  532 
nm  and  950  nm  signals,  we  can  monitor  the  variation  of  weld  width  and  depth.  The  weld  depth  can  be  estimated  from  the 
weld  width  after  5  msec  of  delay.  Fig.  5  shows  the  good  correlation  between  the  estimation  from  optical  monitoring  and  the 
measured  values  for  the  power  variation  between  350  W  and  260  W.  The  accuracy  of  estimation  is  about  10  %  for  both 
width  and  depth.  The  focus  was  not  shifted  during  the  power  variation  in  Fig.  5.  However,  we  have  to  be  cautious  in 
estimating  the  weld  depth.  Because  it  uses  the  delayed  signals  the  result  depends  on  the  decay  pattern.  It  is  accurate,  but  the 
range  of  accurate  estimation  is  rather  narrow.  The  same  estimation  at  the  front  of  weld  and  at  the  end  does  not  mean  the 
same  depth  because  the  temperature  of  the  plate  rises  during  the  welding  and  the  decay  pattern  has  been  changed  at  the  end. 
Likewise,  the  estimation  in  deep  weld  is  not  linear  to  that  from  the  shallow  weld.  However,  the  estimation  near  each  area  is 
linear. 

Now,  how  can  we  monitor  the  focus  shift  during  laser  welding?  We  can  see  the  ratio  of  532  nm  and  950  nm  signals  is  not 
any  more  constant  during  focus  shift  for  constant  weld  width.  Fig.  6  shows  the  ratio  of  532  and  950  nm  signals  for  2  mm 
focus  shift  at  constant  350  W  average  power.  The  ratio  increases  linearly  about  20  %  for  1  mm  outward  focus  shift  (weld 
length  20  to  40  mm).  The  ratio  does  not  show  the  linear  dependence  for  inward  focus  shift  (weld  length  0  to  20  mm).  This 
kind  of  tendency  can  be  expected  from  Fig.  2.  We  have  to  monitor  one  more  wavelength  such  as  1.5  um  to  determine  the 
sign  of  the  focus  shift.  The  focus  shift  as  small  as  0.5  mm  can  be  easily  detected.  Furthermore,  the  weld  width  varies  little 
even  for  a  considerable  amount  of  focus  shift.  The  weld  width,  which  is  much  larger  than  the  size  of  defocused  laser,  mainly 
depends  on  the  average  input  that  is  constant  during  focus  shift.  On  the  other  hand,  the  weld  depth  varies  a  lot  during  focus 
shift.  The  weld  depth  dep)ends  on  the  size  of  the  focused  laser  beam  that  varies  much  during  focus  shift.  Therefore,  the  ratio 
of  532  and  950  nm  signals  varies  much  with  delay  in  focus  shift.  However,  the  same  ratio  does  not  vary  much  during  the 
power  variation.  So,  we  can  distinguish  focus  shift  and  power  variation  easily  with  optical  monitoring.  The  main  difference 
is  that  the  smaller  laser  spot  means  deep  weld  in  focus  shift,  but  shallow  weld  in  power  variation. 

The  fluctuation  in  532  and  950  nm  signals  is  noticeable  if  the  weld  pool  temperature  is  close  to  the  boiling  temperature 
and  shows  the  surface  quality.  For  weld  process  control,  we  have  to  detect  the  gap  and  also  the  full-penetration.  The  edge  of 
weld  pool  decays  slowly  compared  to  the  center  of  weld  pool  near  the  gap  due  to  the  non-effective  cooling  through  the  gap. 
On  the  other  hand,  for  full-penetration  weld  or  excessive  deep  weld,  the  effect  is  reversed  compared  to  the  gap.  Fig. 7  shows 
the  change  in  the  ratio  of  decays  for  532  and  950  nm  signals  along  40  mm  long  weld  with  150  um  gap  between  plates.  It 
can  be  easily  detected.  Fig.  8  shows  the  same  ratio  of  decays  for  full-penetration.  There  is  a  large  fluctuation  near  full- 
penetration  due  to  the  sudden  large  amount  of  cooling  by  spatter.  The  spatter  means  a  fast  cooling  in  the  center  of  weld  pool. 
The  full-penetration  can  also  be  monitored  from  the  weld  depth  estimation  that  is  also  shown  in  Fig.  8. 


V.  CONCLUSIONS 

A  remote  optical  weld  processing  technique  has  been  implemented  by  optimizing  the  chromatic  aberration  of  delivery 
optics.  It  can  monitor  the  weld  bead  width  and  depth,  warn  the  excessive  deep  weld  before  full-penetration,  detect  the  gap 
between  the  weld  metals,  and  estimate  the  surface  quality  of  weld  bead.  It  can  also  locate  the  focus  with  minimum  spot  size 
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Fig.5  Correlation  between  weld  width  and  depth  and  ratios  Fig.6  Ratio  of  532  and  950  signals  vs.  Focus  shift  (  350  W ) 
of  thermal  signals  at  1  and  5  msec  delays  during  power  variation 


Fig.7  Ratio  of  decays  of  532  and  950  signals  Fig.8  Ratio  of  decays  of  532  and  950  (1  msec  delay)  near 

(1  msec  delay)  with  150  um  gap  between  plates  full-penetration  and  ratio  of  532  and  950  (5  msec  delay) 


and  monitor  the  focus  shift  from  that  position.  The  main  feature  is  that  all  these  information  can  be  obtained  in  real-time 
and  non-intrusively. 

Furthermore,  the  accuracy  of  measurement  was  shown  accurate  enough  for  weld  process  monitoring.  It  can  investigate 
the  status  of  weld-pool  while  the  weld  process  is  on  going.  It  is  quite  important  for  optimization  of  weld  process.  It  does  not 
investigate  the  results  after  welding  where  it  is  quite  difficult  to  decide  what  to  do.  Now,  we  can  find  what  to  vary  in  the 
optimization  of  weld  process.  One  simple  application  can  be  the  optimization  of  pulse-shaping  which  has  been  thought  that 
there  are  too  many  variables  in  pulse-shaping.  The  auto-focusing  with  three  wavelengths  measurements  would  be  another 
application  for  industrial  use. 
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ABSTRACT 

Gain  saturation  and  diffractive  loss  data  have  been  collected  on  the  Phillips  Laboratory’s  VertiCOIL  laser.  These  data  have 
been  applied  to  the  COIL  simplified  saturation  model  to  estimate  the  optical  extraction  efficiency  of  VertiCOIL. 

Keywords:  chemical  oxygen-iodine  laser,  chemical  laser,  oxygen  iodine  laser 

1.  INTRODUCTION 

The  chemical  oxygen-iodine  laser  (COIL)  is  an  electronic  transition  transfer  laser  first  demonstrated  at  the  Air  Force 
Weapons  Laboratory  (now  the  Phillips  Laboratory)  in  1978.  It  is  the  shortest  wavelength  high  energy  chemical  laser  in 
existence  today  and  is  the  first  chemical  laser  to  operate  on  an  electronic  rather  than  a  vibrational  transition.  COIL  laser 
output  at  1.315  pm  is  achieved  by  stimulated  emission  on  the  magnetic  dipole  transition  in  atomic  iodine: 

hv  +  I(¥i/2)  +  2hv 

The  population  inversion  on  this  transition  is  maintained  by  near  resonant  collisional  energy  transfer  (AE  =  279  cm"')  from 
metastable  excited  02(' A)  to  the  I  atom  ground  state  (I^P3/2). 

02(^A)  is  produced  by  chemical  reaction  between  gaseous  chlorine  and  aqueous  basic  hydrogen  peroxide  (BHP).  The 
reaction  is  extremely  exothermic  (approximately  110  KJ/mol)  and  yields  100%  of  the  oxygen  in  the  excited  02(^A)  state. 
However,  deactivation  processes  limit  the  useable  amount  of  02(^  A)  to  approximately  60%  of  the  total  oxygen,  typically 
referred  to  as  the  yield. 

COIL  technology  has  potential  application  in  both  the  military  and  commercial  sectors.  The  usefulness  of  COIL  for 
military  application  is  evidenced  by  the  current  Air  Force  Airborne  Laser  program.  Features  that  make  COIL  attractive  for 
industrial  application  include  the  ability  to  transmit  high  powers  efficiently  through  standard  fiber  optics,  focusability,  and 
the  fact  that  construction  of  medium  power  lasers  (10-40  kW)  is  relatively  straightforward.  Also,  the  COIL  wavelength  of 
1.3  pm  couples  well  into  metals,  making  metal  cutting  and  welding  more  efficient.  The  VertiCOIL  device  was  designed  to 
address  issues  of  interest  to  both  military  and  commercial  applications,  such  as  run  time,  high  efficiency  operation,  and 
compact  design. 

The  VertiCOIL  device  was  designed  with  several  goals  in  mind.  The  most  important  goal  was  to  demonstrate  stable  power 
for  long  times  (tens  of  minutes)  from  a  rotating  disk  generator,  A  secondary  goal  was  to  design  the  laser  to  be  as  compact 
as  possible.  An  additional  goal  was  to  achieve  high  efficiency  operation  at  relatively  high  subsonic  pressure  (>75  torr)  by 
minimizing  the  transport  loss  of  02(' A).  This  was  done  by  minimizing  the  subsonic  gas  volume. 

As  part  of  the  development  of  the  VertiCOIL  device,  we  wish  to  understand  the  performance  of  various  aspects  of  the  device 
that  lead  to  the  reported  chemical  efficiency  of  26.7%'.  Analysis  of  COIL  performance  is  often  done  with  the  aid  of  an 
energy  bookkeeping  methodology  such  as  the  COIL  heuristic  equation^ .  The  most  critical  inputs  to  the  heuristic  equation 
are  the  plenum  yield,  cavity  gas  temperature,  and  the  optical  extraction  efficiency.  The  other  terms  are  either  relatively 
straightforward  to  measure  or  can  be  estimated  without  having  a  major  impact  on  the  results.  Since  VertiCOIL  does  not 
have  a  diagnostic  amenable  to  sophisticated  measurements  of  oxygen  yield,  we  have  focused  instead  on  obtaining  a  good 
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estimate  of  the  optical  extraction  efficiency  at  the  high  efficiency  operating  condition.  The  approach  taken  to  calculate  the 
extraction  efficiency  was  to  measure  as  many  quantities  as  possible  to  use  as  input  to  the  COIL  simplified  saturation  model 
published  previously^. 


Quantities  that  have  been  measured  are  mirror  reflectivity,  mirror  transmission,  small  signal  gain  (from  saturation  data), 
and  diffiactive  spill  from  the  cavity  during  lasing.  Some  direct  measurements  of  small  signal  gain  have  also  been  made,  but 
these  results  are  considered  preliminary  and  are  used  only  to  re-enforce  the  small  signal  gain  inferred  from  saturation  data. 
The  preliminary  gain  measurements  also  provide  linewidth  information  that  suggest  cavity  temperatures,  but  these  results 
are  also  preliminary. 


2.  EXPERIMENTAL 

The  VertiCOIL  device  has  been  described  previously^  but  a  brief  description  will  be  given  here  for  completeness. 

VertiCOIL  is  a  1  kW  class  supersonic  COIL  driven  by  a  10  inch  diameter  rotating  disk  generator.  In  order  to  maximize  run 
time  with  a  minimum  amount  of  BHP,  the  BHP  is  cooled  and  reintroduced  into  the  generator  forming  a  closed-loop  system. 
Run  times  of  greater  than  one  hour  have  been  achieved  in  this  manner. 

I  The  oxygen  flow  exiting  the  generator  travels  through  a  1.27  cm  by  5  cm  diagnostic  duct  and  enters  the  iodine  injection 

plenum.  VertiCOIL  does  not  have  a  water  condensation  trap,  and  therefore  relies  solely  on  thermal  management  of  the 
BHP  to  control  water  vapor  in  the  flow.  Iodine  is  injected  into  the  oxygen  flow  transversely  through  2  rows  of  holes  on  each 
side  of  the  flow  duct.  Following  iodine  injection,  the  duct  narrows  to  0.89  cm  by  5  cm,  forming  the  sonic  throat.  The 
nozzle  then  expands  by  a  factor  of  2  producing  approximately  mach  2  flow  in  the  lasing  cavity.  The  nozzle  ramps  limit  the 
multi-mode  output  beam  size  to  3.2  cm  by  1.8  cm. 

The  resonator  used  on  VertiCOIL  consists  of  2”  optics  with  a  mirror  separation  of  86.7  cm  and  an  active  gain  length  of  5 
cm  (fig.  1).  The  mirrors  are  isolated  from  the  device  by  ducts  which  are  purged  with  He  (50  mmol/sec  total)  to  protect  the 
mirror  coatings  from  BHP  contamination  and  prevent  ground  state  iodine  atoms  from  occupying  the  ducts.  The  resonator 
consists  of  a  maximmn  reflector  with  a  2  meter  radius  of  curvature  and  a  flat  outcoupling  mirror  with  a  reflectivity  of  97- 
99%.  Because  VertiCOIL  utilizes  such  a  high  reflectivity  for  its  outcoupler,  a  significant  amount  of  power  is  transmitted 
through  the  maximum  reflectivity  mirror.  The  power  transmitted  through  the  maximum  reflector  has  been  measured  at  3% 
to  8%  of  the  total  power,  depending  on  the  mirror  set.  Laser  power  on  the  outcoupler  side  was  measured  with  an  Ophir 
model  100  5  kW  water-cooled  power  meter.  Power  transmitted  through  the  maximum  reflector  was  measured  with  a 
Coherent  model  213  power  meter.  Reported  values  for  power  and  efficiency  reflect  the  sum  of  the  powers  transmitted 
through  both  mirrors. 

Intensity  saturation  data  were  taken  by  changing  the  reflectivity  of  the  flat  outcoupler  and  measuring  the  power  transmitted 
through  both  mirrors.  Diffiactive  spill  data  were  collected  by  installing  one  of  two  limiting  apertures  in  the  resonator  (1.5  x 
1.5  and  1.5  x  3  cm,  see  fig.  1).  The  apertures  were  located  near  the  curved  mirror  to  ensure  that  the  beam  footprint  was 
limited  by  the  aperture.  The  apertures  were  manufactured  from  a  copper  alloy  and  oxidized  for  maximum  absorption.  The 
absorptivity  of  the  apertures  at  1.315  pm  was  measured  to  be  93%  ±1%.  The  apertures  were  outfitted  with  4  thermocouples 
on  the  four  quadrants  of  the  back  side  of  the  aperture  (on  the  opposite  side  from  where  the  diffi-acted  beam  impinged  on  the 
aperture). 

Preliminary  gain  measurements  have  also  been  made  using  a  1.315  pm  distributed  feedback  diode  laser  developed  by 
Physical  Sciences  Inc.  for  the  Air  Force"*.  The  diagnostic  was  used  in  a  2  pass  configuration  using  a  flat  maximum  reflector 
to  reflect  the  diagnostic  beam,  with  the  beam  launch  and  detector  mounted  together,  separated  by  5  mm.  This  configuration 
facilitated  obtaining  a  2-D  gain  map  of  the  entire  region  accessible  by  the  2”  optics. 

Diffractive  spill  was  calculated  from  the  average  temperature  rise  of  the  apertures,  using  the  mass  and  heat  capacity  of  the 
copper  alloy.  Each  condition  was  tested  five  times  and  the  results  averaged.  The  data  were  reproducible  within  10%. 
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Mirror  reflectivities  and  transmissions  were  measured  using  a  1.315  jxm  diode  laser  and  an  International  Light  model  ILX 
700  InGaAs  detector.  All  measurements  were  taken  3  times  to  ensure  reproducibility.  The  repeatability  of  the 
measurements  was  approximately  ±0.2%.  The  flow  condition  selected  for  analysis  is  shown  in  table  1. 


Table  1.  Flow  conditions  for  high  efficiency  test. 


Total  average  power 

1750  watts 

Chlorine  flowrate 

69.5  mmoles/sec 

Chemical  efficiency 

26.7% 

Primary  He  diluent 

280  m~  toles/sec 

Generator  pressure 

70torr 

Chlorine  utilization 

.94 

I2/O2  ratio 

.017 

BHP  flowrate  (7  MO2H-) 

6GPM 

Diskpack  rotation  rate 

45RPM 

Table  2.  Required  inputs  to  COIL  saturation  model. 


Input  parameter 

value 

Mirror  reflectivities 

.9977.982 

mirror  scattering  loss 

.00257.0025 

nurror  absorption  loss 

0 

b 

cavity  inlet  yield  (assumed) 

.54 

small  signal  gain 

.014  cm’' 

cavity  temperature 

200  K 

diffractive  loss  per  round  trip 

0.00083 

gain  length 

5  cm 

mode  length 

3.2  cm 

gas  velocity  in  cavity 

1x10^  cm/sec 

3.  RESULTS  AND  DISCUSSION 

The  chemical  efficiency  as  a  function  of  outcoupling  (saturation)  for  the  nominal  70  mmol/sec  condition  is  shown  in  figure 
2.  The  maximum  efficiency  occurred  at  a  reflectivity  of  R=0.982.  Extrapolation  of  the  curve  to  zero  power  suggests  a  small 
signal  gain  of  approximately  .014  cm"^  Mode  footprints  collected  at  high  outcoupling  fraction  reveal  that  the  laser  is 
operating  near  single  mode  on  the  optical  axis,  so  the  gain  inferred  from  the  intensity  saturation  applies  along  the  optical 
axis.  The  average  gain  over  the  aperture  is  almost  certainly  somewhat  lower. 

The  1.315  jxm  gain  diagnostic  was  used  to  collect  small  signal  gain  directly  for  various  flow  conditions.  The  interpretation 
of  these  measurements  is  presently  incomplete,  but  the  gain  is  consistent  with  gain  inferred  from  the  saturation  curves.  The 
diagnostic  was  developed  to  also  have  the  capability  of  determining  temperature  from  linewidth.  Preliminary  indications 
are  that  the  cavity  temperature  is  considerably  higher  than  previously  thought. 

The  difiOractive  spill  data  for  the  1.5  x  1.5  cm  and  1.5  x  3  cm  apertures  are  shown  in  figures  3  and  4,  respectively.  The 
difftactive  spill  is  plotted  as  a  percentage  of  the  measured  power.  At  the  reflectivity  of  interest  (R=0.982),  the  diffractive 
spill  for  both  the  1.5  x  1.5  cm  and  1.5  x  3  cm  apertures  was  approximately  5%  of  the  power. 

A  simple  model  has  been  developed  to  describe  how  the  yield  and  gain  are  related  in  a  COIL,  and  how  they  are  affected  by 
the  presence  of  a  cavity^.  This  model,  the  COIL  simplified  saturation  model,  uses  the  properties  of  the  resonator  along  with 
flow  properties  to  calculate  the  optical  extraction  efficiency.  The  required  inputs  to  the  model  are  listed  in  table  2. 

3.1  Inputs  to  model 

The  mirror  reflectivities,  scattering  losses  (calculated  as  1-R-T),  small  signal  gain,  diffractive  loss,  gain  length,  and  mode 
length  shown  in  table  2  are  measured  quantities.  The  gas  velocity  is  calculated  and  the  absorption  loss  term  is  estimated. 
The  rationale  for  the  selection  of  other  quantities  is  shown  below,  along  with  a  discussion  of  the  diffractive  loss  term. 

As  input  to  the  simplified  saturation  model,  a  diffractive  loss  needs  to  be  assigned  to  the  high  efficiency  test,  even  though 
the  high  efficiency  test  did  not  include  an  instrumented  limiting  aperture.  Based  on  the  observation  that  the  two  apertures 
tested  had  very  similar  losses,  a  loss  of  5%  of  the  measured  power  will  be  assumed  for  the  calculation.  This  is  probably  an 
upper  bound  due  to  the  fact  that  the  boundary  layers  along  the  walls  transverse  to  the  optical  axis  act  as  a  gain  aperture 
without  clipping  the  beam. 
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Assuming  a  scattering  loss  on  the  outcoupler  mirror  of  0.0025,  and  a  reflectivity  of  R=0.982  (and  neglecting  absorption), 
0.0155  of  the  one-way  circulating  power  was  measured  by  the  power  meter.  Since  the  measured  diffractive  spill  was  5%  of 
the  power  and  93%  of  the  diffraction  was  absorbed,  the  round  trip  diffractive  loss  was  (.05/.93)*.0155  =  0.00083. 

The  assumed  cavity  yield  is  based  on  an  assumed  detachment  yield  of  Ydet  =  0.7,  transport  x  of  0.088  torr-sec  (Ypien  =  .623), 
and  a  measured  iodine/oxygen  ratio  of  .017  with  an  assumed  dissociation^  n  of  5. 

Cavity  temperature  is  also  required  as  input  to  the  model.  It  is  straightforward  to  calculate  the  isentropic  temperature  of  a 
non-reacting  flow  based  purely  on  expansion  ratio,  resulting  in  temperatures  of  approximately  120  K.  However,  heat 
release  in  the  flow  due  to  gas  phase  quenching  of  T  increases  the  actual  temperature  to  perhaps  160  K.  It  has  also  been 
proposed  that  the  process  of  water  condensation  in  the  cavity  may  account  for  even  higher  temperatures.  However, 
premixed  equilibrium  COIL  gain  models  suggest  that  the  cavity  temperature  must  be  well  below  200  K  to  be  consistent  with 
measured  gain^.  Preliminary  linewidth  data  from  gain  measurements  taken  on  VertiCOIL  indicate  temperatures  well  above 
200  K.  For  the  purpose  of  modeling  the  high  efficiency  case,  since  we  have  a  direct  measure  of  the  gain  (from  saturation 
data),  and  a  reasonable  estimate  of  the  yield,  the  cavity  temperature  does  not  have  a  large  impact  on  the  extraction 
efficiency,  although  it  does  have  a  large  impact  on  chemical  efficiency. 

A  variety  of  temperatures  have  been  used  in  the  model  to  study  the  impact  of  temperature.  The  model  does  prefer  low 
temperatures  in  the  following  sense.  The  iodine  atom  concentration  in  the  cavity  can  be  calculated  independently  from  the 
model  quite  simply  from  pressures  and  flowrates  and  a  cavity  temperature.  The  iodine  atom  number  density  can  also  be 
calculated  from  gain,  yield,  and  cavity  temperature.  The  temperature  must  be  near  180  K  for  these  two  calculations  to  agree. 

Using  the  values  shown  in  Table  2,  the  optical  extraction  efficiency  predicted  by  the  simplified  saturation  model  is 
approximately  0.67,  surprisingly  high  for  a  short  gain  length  device.  Low  scattering  optics,  low  diffractive  loss,  and  good 
medium  saturation  (gth/go==- 15)  combine  to  produce  relatively  good  extraction.  The  results  of  an  analysis  such  as  this  must 
be  viewed  with  caution.  The  model  neglects  boundary  layers  that  cause  gain  and  temperature  nonuniformities  across  the 
aperture. 

The  extraction  efficiency  of  0.67  can  now  be  used  in  the  heuristic  equation  to  determine  how  the  predicted  chemical 
efficiency  compares  with  the  measured  chemical  efficiency  of  26.7%.  Using  CL  =  .07  mol/sec,  Util  =  .94,  mixing  efficiency 
=  .9,  and  geometric  efficiency  =  1,  the  heuristic  model  predicts  an  efficiency  of  26%  assuming  the  cavity  temperature  is  200 
K.  The  cavity  temperature  has  a  strong  impact  on  overall  efficiency  (a  20  K  increase  in  temperature  decreases  the  predicted 
chemical  efficiency  to  25%),  so  the  overall  performance  prediction  is  uncertain  until  the  cavity  temperature  is  better  known. 

4.  SUMMARY 

A  number  of  experimental  parameters  and  flow  properties  affecting  optical  extraction  efficiency  on  Phillips  Laboratory’s 
VertiCOIL  laser  have  been  measured.  The  laser  extraction  efficiency  has  been  modeled  using  the  COIL  simplified 
saturation  model.  The  model  predicts  an  extraction  efficiency  of  approximately  0.67.  The  relatively  good  extraction  is  due 
to  low  mirror  scattering,  low  diffractive  loss,  and  good  medium  saturation.  This  extraction  efficiency  allows  the  laser  to 
operate  with  an  overall  chemical  efficiency  of  nearly  27%. 


Figure  1.  Experimental  set-up  for  diffractive  spill  measurement. 
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Mirror  Reflectivity  (%) 


Figure  2.  Chemical  efficiency  as  a  function  of  mirror  reflectivity  at  the  conditions  listed  in  table  1. 
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Figure  3.  Power  difEracted  into  the  1.5  x  1.5  cm  aperture 
as  a  percentage  of  the  total  power  at  the  conditions  listed 
in  table  1. 
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Figure  4.  Power  diffracted  into  the  1.5  x  3  cm  aperture 
as  a  percentage  of  the  total  power  at  the  conditions  listed 
in  table  1. 
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ABSTRACT 

The  supersonic  chemical  oxygen  iodine  laser  (SCOIL)  is  full  of  promise  as  the  industrial  laser  due  to  its 
high  power  and  efficiency.  The  most  important  part  of  the  SCOIL  is  a  singlet  oxygen  generator  (SOG)  which 
produce  energy  source  of  the  laser  system.  Although  there  are  several  types  in  SOG,  a  jet  type  SOG  (JSOG) 
is  expected  to  be  the  most  suitable  for  the  SCOIL.  We  conducted  tests  of  a  slit  nozzle  JSOG  that  is  a  new 
type  JSOG  and  compaerd  with  generally  used  round  nozzle  JSOG. 

Keyword:  chemical  oxygen  iodine  laser,  singlet  oxygen  generator,  slit  nozzle 


l^INTRODUCTION 

The  chemical  oxygen  iodine  laser  (COIL)  was  firstly  realized  in  1978^  and  was  studied  by  many  research 
institutes  after  that  time.  Recent  development  of  the  COIL  is  remarkable  and  an  output  power  over  30KW 
has  been  already  achieved  using  a  supersonic  flow^.  Because  of  its  high  power  and  applicability  of  transmission 
through  optical  fiber,  the  SCOIL  is  very  promising  in  the  field  of  material  processing. 

The  COIL  is  pumped  by  energy  transfer  from  singlet  molecular  oxygen  to  iodine 


7(^F3/2)  +  02(^A)  J(^Pi/2)  +  02(^5])  (1) 

ICP1/2)  ^  /("P3/2)  + /i*^(L315^m)  (2) 

The  most  important  part  to  realize  the  SCOIL  is  a  singlet  oxygen  generator  (SOG)  which  produce  02(^A) 
by  chemical  reacting  gaseous  chlorine  with  a  basic  hydrogen  peroxide  (BHP)  solution 

H2O2  +  2KOH  -f-  CI2  2H2O  +  2KCI  +  02(^A)  (3) 

Several  types  of  SOG,  such  as  bubbling  type,  wetted  disk  type^,  porous  pipe  type^  and  jet  type^,  have 
been  developed.  But  we  think  jet  type  is  the  most  suitable  SOG  for  the  SCOIL  because  it  is  possible  to  get  a 
large  specific  surface  area  of  the  BHP  . 

Generally  the  jet  type  SOG  has  many  small  round  nozzles  and  the  BHP  solution  passes  through  nozzles 
into  the  reaction  zone.  The  key  of  designing  the  high  pressure  JSOG  is  increasing  the  specific  surface  area  of 
the  BHP  solution  within  the  generator  in  order  to  get  a  large  reaction  area  of  the  BHP  with  CI2  gas-  So  we 
thought  of  using  slit  nozzles  instead  of  round  ones.  It  is  easily  shown  that  the  slit  nozzle  can  make  a  much 
larger  specific  surface  area  of  the  BHP  than  the  round  nozzle  with  the  same  cross  sectional  area. 
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2.EXPERIMENTAL  APPARATUS 


The  schematic  drawing  of  the  experimental  apparatus  employed  is  showed  in  Figure.  1  and  Figure.2.  It  con¬ 
sists  of  a  reaction  chamber,  a  jet  nozzle  plate,  a  BHP  solution  reservoir,  a  BHP  solution  tank,  CI2  injectors, 
a  heat  exchanger  and  a  circulating  system  of  refrigerant. 
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Figure.l  Schematic  drawing  of  the  experimental  apparatus 


Figure.2  Cross  sectional  drawing  of  the  SOG 


The  reaction  chamber  made  of  scleroid  polyvinyl  chloride  resin  had  the  inside  diameter  of  79mm,  the 
outside  diameter  of  89mm  and  the  height  of  reaction  zone  of  100mm.  The  BHP  solution(18%  of  H2O2  and 
35%  of  KOH)  precooled  under  -lO^C  by  the  heat  exchanger  using  ethylene  glycol  as  refrigerant  was  injected 
downward  from  the  solution  reservoir  located  at  upper  part  of  the  chamber  through  the  jet  nozzle  plate  into 
the  reaction  chamber.  The  CI2  gas  was  crossflowed  to  it  through  many  orifices  that  are  2mm  in  diameter. 
A  germanium  photo  diode  was  used  to  detect  the  fundamental  emission  of  02(^A)  at  1270nm.  The  residual 
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BHP  solution  was  collected  at  the  BHP  tank  lacated  at  lower  part  of  the  chamber  and  was  repumped  into  the 
upper  reservoir  by  a  circulating  pump. 

In  this  test  in  order  to  investigate  the  influence  of  the  specific  surface  area  of  the  BHP  solution  within 
the  reaction  zone,  two  different  jet  nozzle  plates  were  employed;  a  slit  nozzle  plate  and  a  round  nozzle  plate. 
The  drawings  of  these  plates  are  showed  in  Figure.  3.  Each  plate  made  of  scleroid  polyvinyl  chloride  resin  was 
130mm  in  diameter  and  was  6mm  thick.  The  slit  nozzle  plate  had  rectangular  orifices  of  0.13xl0mm^  and 
the  round  nozzle  plate  had  circular  orifices  of  1,3mm  in  diameter.  These  two  orifices  have  almost  same  cross 
sectional  areas  but  the  specific  surface  area  of  the  BHP  solution  passed  through  the  slit  shape  is  much  larger 
than  the  one  passed  through  the  round  shape  within  the  reactor. 


(a)  slit  nozzle  plate  (b)  round  nozzle  plate 

Figure.S  Drawings  of  Nozzle  plates 


3.RESULTS 

Tests  of  02(^A)  generation  using  the  slit  nozzle  plate  and  the  round  nozzle  plate  were  conducted.  Results 
of  these  tests  are  showed  in  Figure. 4.  The  CI2  mass  flow  rate  was  controlled  by  changing  secondary  pressure  of 
the  CI2  cylinder.  In  each  test  02(^A)  generation  was  in  proportion  to  secondary  pressure  of  the  CI2  cylinder. 

The  slit  nozzle  produced  higher  02(^A)  generation  than  the  round  nozzle  in  the  tests  but  the  results  fell 
short  of  our  expectation.  The  slit  nozzle  should  be  able  to  produce  much  higher  02{^A)  in  comparison  with  the 
round  nozzle  in  theory.  The  cause  is  thought  that  there  was  a  problem  about  the  shape  of  the  BHP  solution  in 
the  reaction  chamber.  Observation  of  the  jet  within  the  reactor  showed  that  the  solution  was  laminar  film  form 
in  the  length  of  a  few  centimeters  just  after  passing  through  the  slit  nozzle  but  gradually  converged  and  finally 
became  column  form.  That’s  why  the  specific  surface  area  of  the  BHP  solution  became  small  and  02(^A) 
generation  was  reduced.  If  laminar  film  form  of  the  BHP  becomes  longer  by  means  of  making  the  pressure  of 
pushing  the  BHP  stronger  and  using  more  narrow  slits  and  so  on,  there  is  a  possibility  of  producing  higher 
pressure  02(^A). 

So  far,  only  02(^A)  pressure  was  calibrated.  So  it  is  necessary  to  investigate  the  relative  02(^A)  pressure  in 
this  equipment  compared  with  the  02(^S)  pressure,  the  residual  chlorine  pressure  and  the  water  vapor  pressure. 
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Pressure  of  CI2  cylinder  [kg/cm2] 


X  :  Slit  nozzle  plate 
A  :  Round  nozzle  plate 

Figure.4  02(^A)  pressure  vs  secondary  pressure  of  CI2  cylinder 


4.CONCLUSION 

Tests  of  02(^A)  generation  were  conducted  using  the  slit  nozzle  and  the  round  nozzle.  Results  presenting 
the  advantage  of  the  slit  nozzle  were  obtained  but  these  fell  short  of  our  expect ation.We  think  the  slit  nozzle 
should  be  able  to  produce  much  higher  pressure  02(^A)  if  the  region  of  laminar  film  form  of  the  BHP  becomes 
much  longer. 
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ABSTRACT 

For  a  rotating  disk  type  generator  the  dependencies  of  utilization  and  yield  on  the  generator  operating  mode  are  ex¬ 
perimentally  investigated.  The  fundamental  effects  of  rotational  speed,  reduced  gas  volume,  gas  flow  and  liquid  phase 
composition  on  the  efficiency  of  singlet  delta  oxygen  generation  are  discussed  together  with  theoretically  predicted  gen¬ 
erator  performance  from  literature. 

KEYWORDS:  COIL,  rotating  disk  generator,  singlet  delta  oxygen,  utilization,  yield,  efficiency 


1.  INTRODUCTION 

Since  the  provided  singlet  delta  oxygen  is  substantially  affecting  the  achievable  laser  output  power\  high  power  op¬ 
eration  of  chemically  pumped  oxygen  iodine  lasers  requires  efficient  singlet  delta  oxygen  generation.^  In  the  intention  to 
achieve  fast  and  reliable  scaling  arguments  with  respect  to  most  efficient  laser  operation,  utilization  and  yield  have  been 
tested  over  a  wide  operating  range  of  a  rotating  disk  type  generator,  as  implemented  in  the  multikilowatt  oxygen  iodine 
laser  of  the  DLR.^  "^  The  demonstrated  dependencies  of  singlet  delta  oxygen  production  on  disk  rotation,  gas  phase  and 
chemistry  are  in  good  agreement  with  the  theoretical  predictions^’^’^  ®.  So,  a  combined,  theoretically  and  experimentally 
deduced,  data  set  can  be  used  to  determine  reproducible  high  efficient  generator  operating  mode. 


2.  GENERATOR  CONFIGURATION  AND  EXPERIMENTAL  SET-UP 


The  investigated  oxygen  generator  is  of  the  conventional  rotating  disk  type,  developed  and  mounted  at  the  Phillips 
Lab  in  Albuquerque^.  Compared  to  the  original  version,  the  present  generator  configuration,  as  shown  in  Fig.  1,  has  been 
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Fig.  1 :  Generator  configuration 


changed  by  additional  fittings  to  reduce  the  gas  volume  of  the  exit 
side.  The  singlet  delta  oxygen  molar  flow  is  measured  by  emis¬ 
sion  diagnostics  in  the  <kct,  directly  attached  to  the  generator 
exit.^  Including  the  pooling  losses  along  the  distance  between 
generator  exit  and  measuring  point,  the  yield  does  underpredict 
the  generator  performance.  So,  the  measured  efficiency  data  can 
be  interpreted  as  a  lowest  limit  of  the  true  generator  efficiency. 
The  molar  flow  of  residual  chlorine  is  derived  from  absorption  <h- 
agnostics,  the  molar  flows  of  initial  chlorine  and  buffer  gases  are 
measured  by  gas^amic  methods. 

The  present  generator  configuration  allows  reproducible  hot 
runs  on  a  time  scale  of  up  to  60  sec  with  little  d^rease  in  effi¬ 


ciency.  The  run  time  is  limited  by  effects  due  to  temperature  rise 
and  BHP  depletion  during  hot  flow.  Figure  2  shows  30-sec-hot- 
run-histories  of  utilization  and  yield  and,  as  the  product  of  both, 
the  efficiency.  The  data  are  recorded  for  standard  operating  condi¬ 
tions  of  the  test  series:  24  rpm,  0.55  mol/s  initial  chlorine  flow  and 
a  supply  gas  ratio  of  He:Cl2  of  3:1.  Since  the  chlorine  flow  is  con¬ 
stant  during  the  hot  run,  the  molar  flow  of  excited  oxygen  follows 
the  shape  of  the  efficiency,  multiplied  by  a  constant  factor.  In  the 
following,  the  hot  run  typifying  utilization  and  yield  are  measured 
after  one  disk  round  plus  one  additional  second  (=3.5  sec  for  24 
rpm)  after  hot  run  start  (emission  signal)  to  avoid  the  transient 
phase  and  to  represent  stable  generator  operating  conditions. 
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Fig.  2:  Generator  performance 
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3.  THEORETICAL  BACKGROUND 


Based  on  the  theoretical  studies  of  McDermott^’^  and  Copeland  et  al.^’^  the  limitations  of  utilization  and  yield  have 
been  calculated.  Besides,  the  thermal  balancing  at  the  interface  in  progressing  hot  run  has  been  roughly  approximated. 

A  near  optimum  rotation  speed  was  found  by  C  peland  at  al.^  in  verifying  the  range  of  validity  of  the  perturbation 
solution  to  approximate  the  utilization  in  the  case  oi  decreasing  surface  concentration  of  hydroperoxy  anions  (02H').  The 
achievable  efficiency  data  were  found  to  saturate  at  rotation  speeds  little  above  this  validity  criterion. 

Two  limitations  of  singlet  delta  oxygen  generation  have  directly  been  derived  from  the  BHP  molarity.^’^  If  the  surface 
concentration  of  02lT  is  assumed  to  be  constant,  the  singlet  delta  oxygen  generation  is  liquid  phase  limited  only  by  the 
finite  rate  ki  of  the  reaction  of  CI2  with  BHP.  The  reduced  description  leads  to  the  absolute  maximum  of  utilization  for  a 
given  operating  mode.  Independent  of  the  liquid  exposure  time,  this  limitation  is  based  on  the  assumption  of  infinitively 
fast  02fr  diffusion  in  the  liquid  and/or  extremely  high  rotational  speeds.  For  24  rpm  the  maximum  utilization  exceeds 
the  exact  theoretical  solution  1^  about  10  %.®  The  second  limitation  is  given  by  the  finite  02H'  diffusivity  in  the  BHP\ 
followed  by  a  linear  decrease  of  achievable  utilization  when  reducing  the  02H"  s^ace  concentration. 

To  approximate  the  thermal  processes  at  the  interface,  the  energy  balancing  is  serially  calculated  considering  the 
heat  transfer  by  chlorine  reaction,  the  singlet  delta  oxygen  deactivation  in  the  liquid  phase,  the  water  vaporization^  the 
thermal  conduction  to  the  disks  and  the  temperature  balancing  with  the  bulk  BHP. 

4.  EXPERIMENTAL  RESULTS  AND  THEORETICAL  PREDICTIONS 


4*1  Gas  phase  considerations 

In  the  intention  to  reduce  the  pooling  losses  within  the  generator  by  reducing  the  oxygen  residence  time.  Teflon  fit¬ 
tings  have  been  installed  mainly  into  the  gas  volume  on  the  exit  side  of  the  generator.  At  a  BHP  level  of  60  mm  below  the 
generator  axis,  this  volume  has  been  reduced  by  about  50  %.  At  test  series  standard  conditions,  the  new  configuration 
leads  to  yields  of  5  %  to  10  %  higher  than  without  fittings.  Since  the  threshold  and  dissociation  losses  remain  constant,  a 
large  part  of  the  increase  of  the  yield  can  directly  be  converted  into  laser  power. 


Fig.  3:  Yield  increase  by  reduced  generator  volume  due  to  a.)  chlorine  molar  flow,  b)  molar  flow  ratio,  c)  rotation  rate 


For  low  chlorine  molar  flow,  the  yield  measured  at  reduced  volume  is  lower  than  that  of  unchanged  generator,  see  Fig. 
3a.  Beside  of  the  acceleration  of  the  gas  flow,  the  fittings  also  cause  a  better  penetration  of  chlorine  into  the  disk  spacing, 
leading  to  a  little  higher  utilization.  This  effect  is  negligible  at  high 
chlorine  molar  flows,  but  it  becomes  important  for  small  ones,  where 
the  higher  02(^A)  flow  is  subjected  to  distinctly  higher  pooling 
losses.  At  increasing  molar  flows  of  buffer  gas,  the  improvements  of 
the  yield  values  increase,  too,  Fig.  3b.  This  trend  is  limited,  when  the  - 
excited  oxygen  lifetime  at  the  actual  gasdynamic  conditions  exceeds  f 
the  oxygen  residence  time.  The  improvements  are  most  clearly  | 
shown  in  Fig.  3c,  when  relating  the  yield  to  the  rotational  speed.  ^ 

For  a  given  rotational  speed,  the  utilization  and  yield  are  decreas¬ 
ing  by  increasing  the  chlorine  molar  flow,  while  they  show  a  slight 
rise  at  increasing  molar  flow  of  buffer  gas.  In  Fig.  4,  the  measured 
utilization  and  yield  of  both  variations  are  related  to  the  product  of 
chlorine  molar  flow  and  gas  transit  time.  At  diminishing  values  of 


this  product,  utilization  and  yield  are  increasing,  independent  of  pig.  4:  Gas  phase  affecting  utilization  and  yield 
which  factor  of  the  absciss  is  reduced.  It  can  be  seen  that  the  effi- 
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ciency  here  only  depends  on  the  amount  of  moles  of  chlorine  provided  at  the  reactive  surface.  Each  value  of  moles  of 
chlorine  can  be  adjusted  either  by  varying  the  chlorine  molar  flow  or  1^  a  matching  of  the  buffer  gas  flow. 

The  relations  presented  in  Fig.  4  are  only  valid  for  constant  liquid  exposure  time.  A  variation  of  the  rotational  speed 
for  a  constant  gas  phase  mode  yields  completely  different  relationships. 


4.2  Liquid  phase  induced  limitations 

For  the  standard  test  conditions  the  near  optimum  rotation  speed 
is  displayed  as  black  lines  in  Fig.  5.  The  two  lines  reflect  two  differ-  40 
ent  values  of  reaction  rate  ki5^  The  white  contour  lines  show  the  S 
smoothed  values  of  measured  utilization.  Even  when  the  courses  of  |  3^ 
contours  and  calculated  rotation  speeds  are  not  exactly  parallel  be-  ^ 
cause  of  mavericks,  the  calculation  gives  a  good  idea  of  the  relevant  ^ 
rotational  speeds  for  different  BHP  moralities  at  a  given  operating  | 
mode.  For  small  02H‘  molarities,  both  calculated  curves  show  a  rapid  2 
increase  of  the  desired  rotational  speed  up  to  1000  rpm.  Since  rota- 

tional  speeds  above  50  rpm  involve  the  risk  of  liquid  overflow  into  ♦  5  t  7  1 

the  duct,  02H‘  molarities  less  than  5  mol/1  are  not  practical  to  gain  ^  concentration  /  moi 

high  efiSciency  performance  at  the  discussed  operating  conditions.  s .  Near  optimum  rotatimi  speed 

Fig.  6  shows  the  measured  utilization  resulting  from  hot  runs  of 
different  test  series  at  standard  operating  conditions.  The  utilization  is  related  to  the  actual  02H‘  molarity  at  hot  run 
start.  Additionally,  the  calculated  utilization  limitations  by  02H‘  diffusion  and  reaction  rate  ki  are  outlin^.  The  BHP 
molarities  at  the  start  of  each  test  series  are  described  by  Ae  starting  BHP  molarity  of  KOH  and  the  excess  molarity  of 
H2O2.  Since  the  stand-l^  phase  between  two  hot  runs  lasts  several  minutes  due  to  cooling  requirements,  the  molarity  of 
the  film  BHP  on  the  disks  at  hot  run  start  is  estimated  to  be  the  same  as  in  the  bulk.  For  02H'  molarities  above  5.5  mol/1, 
the  measured  values  of  utilization  lay  inside  the  area  of  reaction  limitation.  Lower  molarities  lead  into  the  region,  where 
the  achievable  utilization  is  roughly  limited  02H‘  diffusion.  Because  of  the  drastic  descend  of  the  utilization  limit  in 

this  area,  small  BHP  molarities  have  to  be  avoided.  In  the  reaction  lim-  100 -i -  /  . 

ited  area,  the  measured  utilization  achieves  about  86  %  of  the  theoretical  ^  — 

limit,  which  is  in  good  agreement  with  the  exact  theoretical  solution.^’^  ^ 

The  increase  of  the  molarity  above  7  mol/1,  does  not  result  in  much  “ - - 

higher  utilization  but  enables  stable  generator  performance.  This  fact  70 _ ^  _ 

could  be  proven  in  single  hot  runs  on  a  time  scale  of  up  to  1  minute  as  ^  ^ ^  _ 

well  as  in  a  series  of  short  runs  of  a  few  seconds  of  run  time,  showing  \  rtartingSUfTl/oi 

comparable  performances,  despite  of  growing  salt  accumulation.  An  ex-  - /  f " 

penmentally  implied  limitation  is  coming  up  at  O2H  molanties  of  about  §  ^ .  / _  •  starting  bhp6.5/s.i  „ 

8  mol/l  by  the  foam  which  is  cropping  up  after  a  few  runs  and  is  of  a  ^ 

nearly  crusty  and  very  ^  "7^  • 

_  ,  /  ,  .  ^  •  starting  BHP5.4/2.4 

]  stable  kind.  20  ^  startir^BHP54/2.4  - 

- * - .  ■  — : . .  From  the  measured  „ _ — - 

■  ~'i  duct  yield,  the  detach- 

- ^ -  ment  yield  has  been  cal-  J  I  I  ]  I  I 

a> -! - s -  culated  **backwards“,  p,K molarity/ mol r 

aS  H  •  mtamdduct  yiaid  —  Considering  the  p.  Utilization  limitations 

^  pooling  losses.  The  val- 


c  starting  BHP7.4/1.5 
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Fig.  6:  Utilization  limitations 
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Fig.  7:  Detachment  yield 


ues  obtained  by  this  simplification  differ  by  a  factor  of  1.6  from  the  theo¬ 
retical  detachment  yiel^  calculated  from  the  02H‘  surface  concentra¬ 
tion^’^,  see  Fig.  7.  Tlie  increase  of  both  results  by  increasing  02H‘  molar¬ 
ity  is  faster  than  the  rise  of  the  measured  duct  yield.  So,  because  only 
pooling  losses  are  considered,  the  delay  has  to  be  interpreted  as  a  meas¬ 
ure  for  the  increase  in  pooling  losses  due  to  higher  02(^A)  concentration 
resultant  from  increasing  utilization.  As  shown  in  [5],  the  dependencies 
of  utilization  and  yield  on  BHP  molarity  are  caused  Ity  the  dependencies 
of  chlorine  lifetime  and  nascent  yield  on  the  surface  concentration  of 
02H-. 
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In  the  same  manner  as  the  utilization  of  the  hot  run  series  has  been  investigated,  now,  the  progress  of  single  hot  runs 
will  be  examinated.  In  Fig.  8,  the  measured  utilization  is  outlined  for  two  hot  runs  at  rotational  speeds  of  8  rpm  and  24 
rpm  respectively,  at  the  same  operating  conditions.  In  the  case  of  the  low  rotational  speed,  the  utilization  is  plotted  after 
every  quarter  of  a  round  and  for  the  high  speed  after  every  full  round. 

Fill^  points  show  the  molarity  dependence,  when  the  decrease  in  O2H' 
anions  is  related  to  the  bulk  BHP,  empty  points  when  related  to  the  film 
BHP  on  the  disks. 

At  fast  rotation,  the  bulk  values  follow  the  diffiision  limitation,  while 
the  film  values  exceed  this  limit.  At  low  speed,  the  values  show  the  op¬ 
posite  behaviour.  While  the  shape  of  bulk  values  is  far  from  the  diffusion 
limitation,  the  film  values  are  leaning  on  this  limit.  Additionally,  BHP 
temperatures  measured  in  the  disk  spacing  during  hot  run  show  a  faster 
increase  for  high  rotation  speeds,  even  of  shorter  exposure  times,  than  for 
low  ones,  according  to  the  higher  oxygen  generation.  In  a  rough  approxi¬ 
mation  of  thermal  balancing,  the  chlorine  reaction  could  be  verified  as  the 
dominant  heat  supply  process  which  is  not  to  be  compensated  by  tempera¬ 
ture  dependent  cooling  processes  such  as  water  evaporation  and  heat  con¬ 
duction.  As  a  consequence  high  efficiency  operating  conditions  like  near 
optimum  rotational  speed  and/or  high  BHP  molarity  are  always  accompa¬ 
nied  strong  temperature  increase  during  hot  run.  The  rotational  sp^ 
dependent  expansions  of  utilization  and  temperature  in  progressing  hot  run  indicate  differences  in  the  film  BHP  refresh¬ 
ing  process  and  are  requiring  more  detailed  investigations  of  the  interface  conditions. 

5.  CONCLUSIONS 

The  results  of  theoretical  studies  and  experimental  investigations  are  in  good  agreement.  In  a  combination  of  both,  a 
set  of  optimization  criteria  has  been  obtained  with  regard  to  high  efficient  generator  operating  mode. 

High  efficiency  performance  and  stable  conditions  are  primarily  achieved  by  hi^  BHP  molarities  in  the  liquid  and 
by  reducing  the  residence  time  of  excited  oxygen  in  the  gas.  The  increase  of  BHP  concentration  is  limited  by  growing 
difficulties  of  foam  handling.  The  provided  moles  of  chlorine  at  the  interface  are  to  relate  to  the  liquid  exposure  time. 
The  liquid  exposure  time  itself  is  to  orient  to  the  near  optimum  rotation  speed,  in  order  to  gain  high  utilization  and  to 
avoid  liquid  overflow  into  the  duct  caused  by  unnecessary  fast  rotation. 
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ABSTRACT 

The  photolytic  pulsed  iodine  system  PERUN  has  already  been  described  This  contribution  presents  its  improvements 
within  the  last  few  years  according  to  an  increasing  demand  of  interaction  experiments.  As  examples  of  its  use  a  short 
description  of  some  interaction  experiments  currently  being  performed  with  the  system  PERUN  -  self-smoothing  effect  of 
double-pulse  laser  plasma,  production  of  highly  charged  ions  for  particle  accelerators,  passage  of  laser  light  through  a  hole 
(plasma  shutter)  -  are  given. 

Keywords:  iodine  laser,  laser  plasma 

1.  DESCRIPTION  OF  THE  PERUN  PRESENT  STATE 

The  present  arrangement  is  given  in  Fig.  1.  As  reported  the  system  consist  of  an  oscillator  and  four  amplifiers.  There 
are  a  few  new  elements  recently  included.  Two  Faraday  rotators  placed  behind  both  the  third  and  the  fourth  amplifiers, 
which  protect  the  optical  elements  from  the  laser  beam  reflected  from  the  target  and  amplified  by  a  residual  inversion 
population  remaining  in  amplifiers.  A  spatial  filter  placed  behind  the  third  amplifier  improves  the  quality  of  the  beam  which 
depends  on  the  diameter  of  its  pinhole. 
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Fig,  1 .  Present  arrangement  of  the  laser  PERUN 
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Basic  output  parameters  of  the  laser  are  given  in  the  table: 


WA\/ELENGTH 

1.315  [m 

ENERGY  50  J 

0.657  nm 

25  J 

0.338  nm 

20  J 

NOMINAL  PULSE  LENGTH 

300  ps 

BEAM  DIAMETER 

84  mm 

MAXIMUM  INTENSITY  IN  FOCUS  5  xlO  W/cm  ^ 

2.  IMPROVEMENTS  OF  THE  SYSTEM 

2.1.  The  frequency  up-conversion 

The  frequency  doubling  and  tripling  makes  our  laser  system  more  versatile.  For  non-linear  frequency  conversion  to  the 
second  and  the  third  harmonics  of  the  laser  beam  the  large  size  monocrystals  of  DKDP  fabricated  in  the  Institute  of  Applied 
Physics  of  the  Russian  Academy  of  Sciences  in  Nizhni  Novgorod  were  used.  Maximum  conversion  efficiency  to  the  second 
harmonic  =  0.657  |xm)  of  55%  was  attained  at  the  laser  energy  40  J  ^  The  laser  beam  full  angle  divergence  was 
determined  to  be  4.10'^  rad.  For  the  generation  of  the  third  harmonic  (  ^  =  0.438  pm)  the  sum-frequency  mixing  scheme  of 
^  II  -  II  was  applied  with  a  couple  DKDP  crystals  were  combined  as  doubler  and  mixer.  In  this  case  the  conversion 
lency  was  50%,  which  represents  the  energy  of  the  blue  radiation  20  J 

2.2.  Beam  space-time  intensity  distribution 

Due  to  demands  of  interaction  experiments  on  uneven  timing  of  the  various  parts  of  the  laser  beam  profile  (fractions  of 
nanosecond)  it  was  necessary  to  deal  with  the  space-time  intensity  distribution  (STID)  of  the  beam.  The  radial  dependence 
of  the  pulse  propagation  speed  can  lead  not  only  to  an  uncertainty  of  the  pulse  timing  but  also,  after  focusing,  the  interaction 
time  is  prolonged  and  the  power  density  in  the  focus  is  decreased.  That  was  why  attention  was  paid  to  a  determination  of 
STID  of  the  system  PERUN.  We  found  out  that  the  propagation  speed  of  the  laser  pulse  showed  a  radial  dependence;  local 
pulse  duration  (resulting  mainly  from  the  saturation  shortening  of  the  original  pulse)  varied  from  300  to  400  ps  and  the  total 
pulse  length  integrated  per  the  cross-section  was  from  700  to  1000  ps.  After  a  detailed  study  of  the  STID  profile  evolution  of 
the  beam  passing  through  the  amplifier  chain  we  modified  the  optical  arrangement  of  the  laser  system  The  local  pulse 
length  remained  unchanged,  but  the  length  of  the  focused  pulse  approached  the  local  one  (Fig.  2). 


Fig  .2.  Space  -  time  distribution  of  the  laser  pulse  intensity  a)  before  and  b)  after  the  modification  of  the  laser  system 
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2.3.  Maintaining  the  constant  beam  divergency 

In  the  system  PERUN  the  flashlamps  with  a  long  pulse  (~  300  ps)  are  used  as  a  pumping  source.  It  has  a  consequence  in 
the  form  of  an  acoustic  wave,  which  propagates  through  the  active  medium,  perturbing  its  optical  homogeneity,  and 
impairing  the  beam  divergency  and/or  focussability.  These  variations  are  of  the  order  lO*^  rad.  The  influence  of  this 
phenomenon  can  be  reduced  by  increasing  the  proportion  of  He  in  the  laser  active  medium  (C3F7I  +SF6  +He) ".  Some 
interaction  experiments  are  very  sensitive  ^  to  the  change  in  the  beam  divergency  because  in  such  a  case  the  focus  length  in 
the  interaction  chamber  varies.  That’s  why  a  special  attention  to  continual  beam  divergency  check  is  needed.  The 
arrangement  follows:  Behind  the  output  amplifier  a  part  of  the  beam  is  separated  and  is  led  on  a  spherical  mirror  (f  =  --Im) 
with  a  mask  having  four  holes  in  the  same  distance  from  the  center.  A  bum  paper  is  placed  15  mm  in  front  of  the  focus.  The 
distance  of  spots  on  the  paper  is  now  the  measure  of  the  beam  divergency  and  in  our  arrangement  it  is  proportional  to  the 
relative  position  of  the  focus  in  the  interaction  chamber.  The  focus  position  can  be  determined  with  an  accuracy  of  50  pm. 
This  value  is  satisfactoiy  for  all  practical  puiposes  since  it  is  well  within  the  caustic  length. 

3.  EXAMPLES  OF  THE  LASER  PERUN  USE  FOR  INTERACTION  EXPERIMENTS 

3.1.  Self  smoothing  effect  of  double  pulse  laser  plasma 

In  these  experiments  we  decided  to  test  the  idea  of  smoothing  the  ablation  pressure  inhomogeneity  by  increasing  the 
distance  between  the  critical  and  ablation  surfaces  and  allowing  thus  the  lateral  thermal  conductivity  to  wash  out  the  spatial 
inhomogeneities  occun'ing  on  the  critical  surface  due  to  an  uneven  illumination  The  position  of  the  critical  versus  ablation 
surface  can  be  controlled  by  driving  the  main  heating  pulse  through  a  prepulse  plasma.  The  prepulse  weakens  the  density 
gradient  and  prolongs  the  distance  which  the  heat  deposited  at  the  critical  surface  must  cross  to  power  the  ablation.  A 
plasma  is  first  formed  by  a  weaker  prepulse  using  the  second  harmonic  of  the  laser  and  about  one  nanosecond  later  the 
main,  third  hamonics  pulse  is  introduced.  After  passing  thi'ough  the  DKDP  crystals  -  frequency  converters  -  the  beams  with 
different  wavelength  are  separated  by  special  selective  mirrors.  The  target  chamber  is  fitted  with  an  aspherical  optics  which 
can  be  adjusted  to  either  of  the  three  harmonics  co,  2co,  3co  of  the  iodine  laser  wavelength.  The  focusing  optics  was  set  to  the 
third  harmonics  and  the  separated  second  harmonics  beam  was  passing  thi‘ough  an  auxiliary  lens  to  achieve  about  a  200  pm 
focus.  Optionally  a  random  phase  element  could  be  added  for  further  homogenization.  The  delayed  main  pulse  (3eo)  was 
split  by  a  wedge  in  two  beams  which  were  then  focused  onto  the  larger  2o)  focal  spot  to  form  two  separated  blue  foci  of 
about  40  pm  in  diameter  each.  The  effect  of  the  smoothing  was  evaluated  from  x-ray  pinhole  pictures  of  the  focal  spot. 

3.2.  Highly  charged  ion  production 

The  production  of  highly  charged  heavy  ions  is  of  great  importance  for  the  present  and  future  accelerators  at  the 
European  Organization  for  Nucleai*  Research  and  at  other  heavy  ion  facilities.  It  was  presented  ^  that  CO2  lasers  have  the 
potential  of  producing  tens  of  miliampers  of  heavy  ions  (e.g.  Pb,  Ta)  of  a  similar  charge  state  like  in  electron  cyclotron 
resonance  ion  sources  but  within  a  pulse  of  several  microseconds.  An  iodine  laser  represents  an  alternative  approach  by 
giving  a  short  and  intense  pulse  (0.5  ns,  -  10^^  W/cm")  in  a  near  infrared  region  and  simultaneously  provides  a 
complementary  experimental  information  to  that  obtained  by  CO2  lasers. 

The  principal  diagnostic  techniques  for  studying  Ta  laser-produced  plasma  were  based  on  the  time-of-flight  method.  A 
cylindrical  ion  energy  analyzer  and  an  ion  collector  were  used  for  the  deteimination  of  the  charge  state  distribution  as  well 
as  of  the  total  number  of  ion  species  in  a  large  distance  from  the  target.  The  aim  of  this  experiment  was  to  test  the  optimum 
conditions  for  obtaining  a  maximum  curi'ent  of  highly  charged  Ta  ions  at  a  fixed  laser  pulse  energy,  i.e.,  the  focus  position 
versus  the  target  surface  and  the  target  tilt  angle  with  respect  to  the  laser  beam  were  varied.  The  highest  charge  state  of  Ta 
ions  which  can  be  safely  recognized  was  46+.  Later  experiments  confiimed  the  occuiTence  of  Ta  ions  with  the  charge  state 
up  to  54+  ^ 

3.3.  Passage  of  laser  light  through  a  hole  -  plasma  shutter 

Passage  of  focused  laser  light  through  a  small  hole  placed  in  the  region  of  the  laser  focal  point  is  of  primary  interest  in 
microcavities  („hohlraum“)  or  the  problems  relating  to  spatial  filtering  of  high  power  beams.  When  the  focused  laser  light 
passes  through  a  hole  with  a  diameter  comparable  to  that  of  the  laser  beam,  its  finite  intensity  on  the  aperture  material 
produces  a  plasma  on  the  hole  periphery.  This  plasma  expands  inwards  and  screens  the  hole,  which  results  in  a  reduction  of 
the  hole  transmission.  The  goal  of  this  work  ^  was  a  temporal  characterization  of  the  phenomenon  and  the  comparison  of  the 
experimental  results  with  1-D  computer  simulations  as  well  as  a  simple  analytical  model.  The  laser  beam  with  energies  8-15 
J  at  the  first  haimonics  and  with  the  pulse  duration  of  ~  0.5  ns  was  focused  by  a  f/2  (f  =  20  cm)  aspheric  lens  system  to 
produce  a  spot  focus  80  pm  in  diameter.  The  passing  light  was  collected  with  another  f/2  lens.  A  target  pointing  system 
made  possible  the  pointing  of  the  laser  focus  into  the  pinhole  with  a  precision  of  5  pm  in  the  transversal  and  -  40  pm  in  the 
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longitudinal  direction.  Both  the  experimental  and  theoretical  results  show  the  effect  of  pulse  shortening  of  the  transmitted 
laser  light.  Obtained  experimental  data  were  in  a  good  agreement  with  the  1-D  hydrodynamic  simulations. 

4.  CONCLUSION 

It  can  be  said  that  the  pulsed  iodine  photolytic  laser  system  PERUN  offers  for  interaction  experiments  specific 
advantages  of  a  medium  scale  experimental  facility  such  as  a  large  degree  of  experimental  flexibility,  high  shot  rate  and  a 
simple  laser  interaction  geometi'y. 
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ABSTRACT 

Second  Harmonic  Generation  of  Chemical  Oxygen  Iodine  Laser  was  investigated  with  a  Brewster  cut  LBO 
crystal.  By  utilizing  a  Brewster  cut  LBO  crystal  the  loss  in  the  resonator  can  be  suppressed.  Further,  by 
reducing  crystal  absorption,  the  crystal  can’t  be  heated  and  go  off  phase  match  or  even  crack  due  to  thermal 
stress.  We  could  obtain  16.4  W  of  second  harmonic  power  and  keep  out  the  crystal  from  being  destroyed  by 
the  damage  of  thermal  stress. 


1  INTRODUCTION 


Chemical  Oxygen  Iodine  Laser  (COIL)  is  the  chemical  laser  which  operates  by  consuming  singlet  delta  state 
molecular  oxygen  O2  A)  for  dissociating  iodine  molecule  and  exciting  iodine  atom.  The  energy  source  of  COIL, 
02(^A)  gas  at  near  100  %  yield  in  the  Torr  range  is  generated  easily  by  chemical  reaction  of  CI2  gas  with  basic 
hydrogen  peroxide  solution.  The  merit  of  COIL  lies  in  high  power  electric  input  is  not  nessesary  for  lasing. 
Additionary,  the  merit  lies  in  the  1.315  iim  lasing  wavelength,  because  it  is  on  the  least  loss  wave  range  of  the 
quartz  fibre,  this  enable  COIL  to  be  applied  for  the  industial  processing  use  and  controlable  cutting  machine. 
For  industrial  use  the  shorter  wavelength  laser  is  requested  because  it  means  the  higher  processing  efficiency 
and  quality.  And  second  harmonic  of  COIL  has  characteristics  of  the  QSbSfim  wavelength  of  visible  laser. 

On  second  harmonic  generation,  conversion  efficiency  tjshg  of  the  nonlinear  optical  crystal  is  given  by; 


VSHG  = 


sin^(AA:Z/2) 

(AfcZ/2)2'T 


(1) 


where  P2uj  is  the  second  harmonic  power,  P^)  is  the  fundamental  power,  I  is  the  crystal  length,  n  is  the  index 
of  refraction,  d  is  the  nonlinear  optical  coefficients,  A  is  the  cross  section  area^.  In  equation  (1),  conversion 
efficiency  is  proporsional  to  the  fundamental  amplitude  and  the  square  of  crystal  length,  but  in  the  case  of  10 
mm  LBO  crystal  the  second  harmonic  output  and  intracavity  SHG  conversion  efficiency  of  a  function  of  the 
chlorine  flow  rate  had  saturated  because  of  the  competition  of  fundamental  Gaussian  mode  with  high  degree 
Gaussian  mode.  So  the  crystal  length  were  decided  for  5  mm  to  keep  off  this  saturation. 
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Cold  Trap 


2  EXPERIMENTAL  SETUP 

A  schematic  drawing  of  the  laser  system  is 
shown  in  Fig.l.  The  COIL  apparatus  is  de- 
vided  into  three  parts,  singlet  oxygen  gener¬ 
ator  (SOG),  vapor  trap  and  laser  cavity.  In 
SOG  02(^A)  is  generated  by  passing  CI2  gas 
through  liquid  mixture  of  35  %  H2O2  and  50  % 

KOH  in  the  ratio  of  10:1.  SOG  is  the  bubbler 
type  because  it  can  maintain  stable  02(^A) 

/  Singlet 

yield.  In  water  vapor  trap  water  vapor  is  re-^^ys®^ 

Generatopr 

moved  from  02(^A)  flow  since  it  quenches  I*  (sog) 
significiantly.  The  02(^A)  is  introduced  into 
laser  cavity  and  mixed  with  I2.  In  the  laser 
cavity  molecular  iodine  is  dissociated  and  in¬ 
verted  by  02(^A)  flow  by  the  energy  transfer 
reaction.  Laser  output  is  converted  to  second 
harmonic  from  fundamental  output. 


Fig.1  Schematic  drawing  of  experimental  device 
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(b)  Brewster  cut  LBO  crystal 

Fig. 2  Schematic  drawing  of  experimental  resonator 


LBO  {LiBsOs  :Lithium  IVi  Borate)  was  se¬ 
lected  as  the  nonlinear  crystal  because  of  the 
characteristics  of  the  large  acceptance  angle 
and  the  small  walk  off  angle.  Two  types  of 
LBO  crystal  were  used.  One  was  a  cubic  LBO 
crystal  whose  surface  were  AR  coated  and  the 
other  was  a  Brewster  cut  LBO  crystal  which 
was  not  used  AR  coating  and  cut  for  Brewster 
angle. 

We  used  two  types  of  concentric  asymmet¬ 
ric  resonators  (Fig.  2)  whose  length  were  dif¬ 
ferent  each  other.  One  was  the  laser  cavity 
consisted  of  a  1000  mm  radius  of  curvature 
mirror  (99.98%  reflecting  at  1.315  97  % 

transmitting  at  0.658  fjim)  and  a  250  mm  ra¬ 
dius  mirror  (99.98%  ,  97%)  separated  by  1250 
mm  ,  the  other  was  consisted  of  a  760  mm 
radius  mirror  (99.99%  ,  97%)  and  a  250  mm 
radius  mirror  separated  by  1010  mm.  Exper¬ 
imental  study  were  made  to  measure  the  sec¬ 
ond  harmonic  output  power,  intracavity  fun¬ 
damental  power,  to  determine  the  extraction 
efficiency  and  the  conversion  efficiency.  Inves¬ 
tigation  about  these  were  conducted  on  each 
resonator  and  crystal. 


3  MEASUREMENT 


Fig.  3  shows  the  measurement 
system.  In  order  to  mea¬ 
sure  the  second  harmonic  out¬ 
put  power  from  the  inside  mirror, 
power  meter  (OPHIR  OPTICS 
L-150A)  is  used.  In  order  to 
estimate  the  intracavity  funda¬ 
mental  power,  we  use  germanium 
photodiode  (HAMAMATSU 
B 1920-01).  This  measures  the 
leaking  fundamental  beam  from 
inside  mirror.  From  this  mea¬ 
sured  value  and  the  transmit¬ 
tance  of  the  inside  mirror  and 
beam  splitter  at  1.315  fim  (93% 
fundamental-wave  transmittance 
and  99.9%  reflectivity  for  the 
second-harmonic  wave  at  an  an¬ 
gle  of  45®),  the  intracavity  fun¬ 
damental  power  is  estimated. 
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Fig.3  Laser  cavity  and  Measurement  system 


4  RESULT 


Conversion  efficiency  rjcon^^  calculated  by: 


second  harmonic  output  [W] 
intracavity  fundamental  [W] 


(2) 


where  interacavity  fundamental  power  {Pu;(int))  is  measured  as  the  fundamental  wavelength  leak  power  from 
dicloick  mirror  by  Ge  detecter  when  second  harmonic  generarion  is  done. 

Extraction  efficiency  rjext  is  calculated  by; 


second  harmonic  output  [W] 
fundamental  output  [W] 


(3) 


where  the  fundamental  power  is  the  maximum  output  of  the  measurement  of  fundamental  lasing  experiment 
in  the  case  of  same  cavity  length.  The  result  of  second  harmonic  generation  by  cubic  LBO  crystal  is  shown  by 
Table  I. 


P2u} 

Puj{int) 

coversion 

efficiency 

fundamental 

output 

extraction 

efficiency 

asymmetric  resonator  I 

12. 8W 

970W 

0.66% 

8.0W 

160% 

asymmetric  resonator  II 

2.9W 

390W 

0.37%  ^ 

9.4W 

30.9% 

Table  I  SHG  experimental  result  by  cubic  LBO  crystal 
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The  second  harmonic  maximum  output  power  of  12.4  W  were  obtained  by  using  a  cubic  LBO  crystal,  but 
it  was  found  that  an  influence  of  loss  of  AR  coating  was  exercised.  By  using  a  Brewster  cut  LBO  crystal  the  loss 
in  the  resonator  become  very  small  because  not  only  AR  rooting  but  also  CaF2  Brewster  window  was  not  needed. 


P2u) 

Pu{ini) 

con\'(Msi()u 

efficien(‘\- 

fundamental 

output 

extraction 

efficiency 

asymmetric  resonator  I 

16.4W 

1630W 

0.51% 

8.0W 

205% 

asymmetric  resonator  II 

12.6W 

1402W 

1 _ 

0,45% 

9.4W 

134% 

Table  II  SHG  experimental  result  by  Brewster  cut  LBO  crystal 

The  second  harmonic  maximum  output  of  16.4  W  were  obtained  and  the  conversion  efficiency  was  0.51% 
when  the  resonator  length  is  1250  mm,  utilizing  a  Brewster  cut  LBO  crystal.  This  output  power  is  much 
higher  than  that  obtained  utilizing  a  cubic  LBO  crystal  and  that  obtained  using  different  type  of  concentric 
resonator (1010  mm). 

In  intracavity  second  harmonic  generation  it  can  be  achieved  the  value  of  100  %  extraction  efficiency  since 
we  can  extract  as  the  same  output  as  the  fundamental  laser  output  power  by  the  same  resonator  fundamental 
lasing  experiment.  And  asymmetrical  resonator  is  suitable  for  second  harmonic  generation  on  the  point  of  loss 
in  the  resonator  is  low  and  mode  volume  in  the  laser  medium  can  be  made  large.  In  this  measurement  we 
obtained  extraction  efficiency  of  more  than  100  %.  This  means  the  quality  of  dichroic  mirror  is  different  from 
fundamental  transmit  mirror.  Additionaly,  the  outcoupler  of  the  laser  cavity  is  suitable  for  second  harmonic 
generation  compared  with  fundamental  laer. 

In  the  cubic  or  Brewster  cut  LBO  experiment  we  can  get  the  higher  power  of  second  harmonic  output  in  the 
asymmetric  I  than  in  the  asymmetric  II.  This  is  because  the  intracavity  fundamental  amplitude  is  higher  in  the 
case  of  asymmetric  I  ,both  experiments.  Asymmetric  II  has  the  good  point  of  small  fundamental  beam  weist 
than  in  asymmetric  I,  but  in  this  case  beam  weist  is  so  small  that  conversion  efficiency  is  controlled  by  crystal 
length  ,so  asymmetric  I  has  the  adventage  of  larger  mode  volume  in  the  laser  medium. 

5  SUMMARY 

This  study  confirms  the  effect  of  the  Brewster  cut  LBO  crystal  that  suppress  loss  of  resonator.  And  from 
result  of  analysis  of  transverse  mode  profile  we  found  that  second  harmonic  was  effectively  extracted  in  case  of 
single  mode  fundamental  wave.  Obtained  total  second  harmonic  power  was  maximum  of  about  16.4  W.  Then 
the  internal  conversion  efficiency  was  estimated  at  0.51  %  and  the  effective  extraction  efficiency  was  205  %.  The 
100  %  extraction  efficiency  were  obtained  at  every  asymmetric  resonator. 
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ABSTRACT 

Experimental  investigation  of  a  jet  singlet  oxygen  generator  for  a  supersonic  chemical  oxygen-iodine  laser  was  performed 
aimed  to  evaluation  of  the  effects  of  BHP  temperature  and  composition  on  the  water  content  and  other  output  generator 
parameters.  Laser  experiments  on  a  small-scale  system  were  realized  to  prove  the  obtained  results. 

Keywords:  chemical  oxygen-iodine  laser,  singlet  oxygen  generators,  jet  generator 


1.  INTRODUCTION 

The  electronically  excited  molecular  oxygen  in  delta  state,  02(*Ag),  for  pumping  an  atomic  iodine  in  a  chemical  oxygen- 
iodine  laser  (COIL)  is  produced  in  required  concentrations  by  a  chemical  reaction  between  gaseous  chlorine  and  alkaline 
solution  of  hydrogen  peroxide 

CI2  +  H2O2  +  2  KOH  ^  02(^Ag)  +  2  H2O  +  2  KCl  (1) 

Besides  02(^Ag)  and  02(^Sg),  the  gas  flowing  from  the  singlet  oxygen  generator  (SOG)  contains  the  detrimental  impurities 
for  lasing  as  water  and  hydrogen  peroxide  vapours,  and  residual  chlorine.  Particularly  the  first  two  compounds  quench  very 
efficiently  the  excited  atomic  iodine  in  the  reactions 

l’  +  HjO  I  +  H2O  kj  =  2.3  X  10''^  cm^  s’’  (2) 

r+  H2O2  I  +  H2O2  kj  =  1.1  X  10'“  cm^  s"'  (3) 

A  dissipation  of  energy  by  these  processes  is  determined  by  relative  concentrations  of  these  molecules  to  [02(^Ag)].^ 
According  to  calculations,  a  relative  content  of  water  and  peroxide  vapours  should  not  exceed  5  %  in  generated  oxygen  to 
attain  high  values  of  small  signal  gain  in  COIL.*’^ 

Most  generators  of  singlet  oxygen  hitherto  used  in  COIL  installations  were  equipped  with  a  water  vapour  trap  (WVT) 
placed  in  front  of  laser  body  to  reduce  partial  pressure  of  water  to  a  reasonable  level.  However,  a  WVT  included  in  the 
system  causes  an  increase  in  the  hydraulic  losses  and  02(*Ag)  loss  in  the  pooling  reaction 

OjC'Ag)  +  OjC'Ag)  -»  OjC'Sg)  +  02(^Zg)  k4=  2.7  x  10''’  cm^  s’'  (4) 

which  becomes  serious  mainly  in  a  COIL  with  supersonic  flow.^  A  reduced  water  vapour  content  in  these  systems  can  be 
efficiently  achieved  by  a  SOG  operation  with  basic  hydrogen  peroxide  (BHP)  solution  of  very  low  temperature  in  which 
saturated  vapour  pressure  is  lower.  According  to  calculations  \  the  partial  pressures  of  water  and  peroxide  corresponding  to 
their  saturated  vapour  pressures  above  the  water  solutions  of  H2O2-KOH  (NaOH)  at  temperatures  of  -20  to  -30  are  low 
enough  to  achieve  high  gain  values  in  COIL.  However,  it  was  proved  experimentally  that  the  pressure  of  water  and  peroxide 
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vapour  in  gas  can  be  much  higher  than  corresponds  to  their  saturated  vapour  pressure  at  the  given  temperature  of  BHP."* 
This  effect  depends  on  the  type  of  SOG,  ar  d  can  be  caused  partly  by  a  surface  overheating  of  liquid  during  extremely  high 
exothermic  reaction  (1)  and  partly  by  entrair  Ag  liquid  droplets  by  gas  flowing  from  SOG. 

In  the  case  of  a  jet  SOG,  which  is  very  effective  and  high  pressure  source  of  02(*  Ag)  for  a  supersonic  COIL  systems,  it 
could  be  presumed  that  the  content  of  water  vapour  in  oxygen  is  meaningfully  suppressed  by  a  gas  cooling  with  cold  liquid 
jets  and  the  surface  overheating  of  jets  is  small  (up  to  3.6  °C  only  as  follows  form  the  modeling  of  JSOG  ^),  On  the  other 
hand,  liquid  droplets  created  by  a  jets  disintegration  can  be  escaped  from  the  generator  with  the  gas  flow  to  active  zone  of 
laser  where  they  enhance  the  partial  pressure  of  water  (peroxide),  and  in  the  form  of  aerosol  they  can  increase  substantially 
the  inner  losses  of  resonator.  As  these  factors  influence  considerably  the  laser  output  power  and  the  water  concentration  has 
not  been  systematically  evaluated  for  jet  SOGs,  the  present  contribution  is  devoted  above  all  to  this  problem. 


2.  EXPERIMENTAL 

The  jet  SOG  including  the  geometry  of  jets  and  chlorine  diagnostics  is  described  in  the  previous  paper.^  In  the 
experiments  performed,  a  jets  velocity  was  6.8  m  s'*  for  0.8  mm,  6.3  m  s'*  for  0.5  mm,  and  3.5  m  s'*  for  0.3  mm  of  jet 
diameter.  A  gas  flow  velocity  counterflown  liquid  jets  was  in  the  range  of  12  -  18  m  s'* 

A  40  mm  long  cylindrical  optical  cell  of  inner  diameter  30  mm  was  equipped  with  Germanium  photodiode  (Judson  JS 
01,  1  mm  in  diameter)  to  detect  the  fundamental  emission  of  02(*Ag)  at  1270  nm,  and  Silicon  photodiode  (Hamamatsu, 
S2387-1010R,  10x10  mm  active  area  size)  for  02(*Ig)  detection  by  fundamental  emission  at  762  nm.  The  amplified  signals 
from  both  photodiodes  were  processed  by  on-line  PC.  The  absolute  calibration  of  02(*Ag)  optical  detection  was  made  by 
means  of  ESR  method  and  confronted  with  a  proposed  numerical  method.^  A  reasonable  agreement  of  both  methods  was 
obtained  (+  15  %).  A  light-band  filter  was  used  to  suppress  the  radiation  of  shorter  wavelength  then  762  nm  not  to  interfere 
the  signal  of  Silicon  photodiode.  Transmission  of  this  filter  was  93.5  %  at  762  nm  and  0.9  %  at  634  nm  (02(*Ag)  dimolar 
emission).  The  absolute  calibration  of  02(*Sg)  spectral  detection  was  performed  by  the  same  numerical  method^  including  the 
photodiode  detectivity  and  the  filter  transmission. 

Water  vapour  concentration  was  evaluated  by  the  method  based  on  a  rapid  quenching  of  02(*2g)  formed  in  the  reaction 
(4)  by  water  molecules 

02(*Dg)  +  H2O  02(*Ag)  +  H2O  k5  =  6.7  X  10'*^  cmV*  (5) 

Issuing  from  the  mass  balance  of  02(*Sg),  the  total  concentration  of  water  vapour  was  evaluated  by  the  equation 

^  H20  “  ^4  /  ^5  .  (6) 

Most  of  generator  and  diagnostics  parameters  was  processed  by  on-line  PC. 

Some  tests  of  jet  SOG  with  the  same  jet  orifice  geometry  and  in  the  same  conditions  like  in  our  laboratory  (however 
with  the  generator  cross  section  5.7  cm^)  were  performed  on  a  small-scale  supersonic  laser  in  the  co-operation  with  the 
Russian  COIL  group  in  Samara.  Downstream  the  generator  output  a  gaseous  nitrogen  was  admixed  into  the  oxygen  flow  in 
the  ratio  2:1.  The  supersonic  nozzle  of  COIL  system  was  rectangular  5  x  0.5  cm  and  iodine  was  injected  just  in  front  of  the 
critical  cross  section  through  the  orifices  0.6  mm  in  diameter.  The  average  Mach  number  1.5  was  evaluated  in  the  supersonic 
part  of  the  duct. 


3.  RESULTS  AND  DISCUSSION 


The  experimental  results  on  the  jet  SOG  concerning  the  measurements  of  water  content  in  oxygen,  were  obtained  for 
the  chlorine  molar  flow  rates  in  the  range  of  0.8  to  4  mmol/s  and  the  corresponding  pressures  in  generator  up  to  5.5  kPa  (40 
Torr).  Fig.  1  shows  the  example  of  two  dependences  which  document  that  a  relative  content  of  water  in  gas  substantially 
decreases  with  increasing  pressure  in  generator  while  the  partial  pressure  of  water  in  gas  moderately  increases.  The  values  of 
partial  pressure  of  water  correspond  approximately  to  the  saturated  water  vapour  pressure,  which  was  calculated  for  the 
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solution  used  (4  1  H202(34%)  and  0.8  1  KOH  (54%)).  In  these  calculations  based  on  published  gas-liquid  equilibrium  data 
for  peroxide-water  system,  also  water  produced  by  H2O2  dissociation  by  KOH  and  pressure  reduction  by  KOH  content  were 
considered.  An  increase  in  partial  pressure  of  water  with  the  pressure  in  generator  (or  with  chlorine  flow  rate)  is  a  result  of 
increasing  temperature  of  jets  caused  by  the  strong  exothermic  reaction  (1).  A  correlation  between  the  partial  pressure  of 
water  and  the  jet  temperature  is  evident  from  Fig.2.  These  measurements  were  performed  with  jets  of  0.5  and  0.8  mm  in 
diameter  and  provided  nearly  the  same  water  concentration  in  gas  for  both  jet  thicknesses. 
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Fig.  1 .  Relative  water  concentration  and  water  pressure  vs.  Fig.2.  Water  vapour  pressure  and  jet  temperature  at 

generator  pressure.  Corresponding  jets  temperatute  is  different  chlorine  flow  rate  (given  in  mmol  cm  s  ). 

given  in  Fig.2. 


In  the  experiments,  in  which  BHP  was  prepared  from  more  concentrated  peroxide  (3.2  1  H2O2  (70%)  and  2  1  KOH 
(42%)),  the  partial  pressure  of  water  was  lower  by  30  Pa  approx,  as  compared  with  the  above  BHP  composition  (at  the  same 
temperature).  In  the  experiments  with  this  BHP,  the  relative  water  concentration  in  gas  was  decreasing  from  9%  to  3.5%  in 
the  pressure  range  of  1  to  3  kPa  and  the  liquid  temperature  -  1 8°C.  An  increase  in  liquid  temperature  by  5  °C  resulted  in  the 
water  partial  pressure  higher  by  30  Pa. 

The  jet  SOG  with  liquid  jets  of  0.3  mm  in  diameter  provided  higher  partial  pressures  of  water  by  30  -  40  Pa,  or  relative 
wmer  content  higher  by  3%  approx..  It  was  caused  probably  by  escaping  small  liquid  droplets  into  gas  due  to  a  strong 
disintegration  of  these  jets. 

In  the  next  set  of  experiments,  the  influence  of  BHP  composition  and  temperature  on  the  output  parameters  of  the  jet 
SOG  and  laser  output  power  was  investigated.  As  follows  from  the  phase  diagram  of  the  system  H2O2-KOH-H2O,  the 
freezing  point  of  a  BHP  is  lower  at  higher  content  of  alkali.  Therefore,  we  added  sequentially  0.4  litre  portions  of  KOH 
(54  %)  to  4  litres  of  H2O2  (34%).  The  results  of  these  experiments  are  presented  in  Tab.  1. 

The  values  of  the  output  power  of  the  supersonic  small-scale  laser  with  the  jet  SOG  generator  are  in  the  last  row  of 
the  table.  They  were  obtained  at  chlorine  molar  flow  rate  of  11  mmol  s'‘,  iodine  molar  flow  rate  of  0.1  mmol  s  and 
resonator  mirror  transmissions  of  0.1  and  0.8  %.  The  gas  pressure  in  generator  was  around  3.3  kPa,  in  the  resonator  0.13 
kPa. 

It  follows  from  the  Tab.  1  that  the  water  content  slightly  decreases  with  increasing  KOH  concentration  in  BHP  and 
more  rapidly  with  lowering  of  liquid  temperature.  The  both  courses  coincide  with  the  dependences  of  the  saturated  water 
vapour  pressure.  The  02('Ag)  excitation  efficiency  dropped  from  90%  to  55%  with  the  gas  pressure.  The  content  of  residual 
chlorine  in  gas  was  increasing  simultaneously  from  4  %  to  25  %. 

The  laser  experiments  have  shown  that  in  the  conditions  when  the  water  content  was  reduced,  the  laser  output  power 
was  higher,  while  the  oxygen  excitation  efficiency  remained  unchanged.  This  fact  documents  a  detrimental  effect  of  water  in 
the  concentration  range  of  4.7%  to  8  %  on  lasing,  which  confirms  the  results  of  modeling.'’^ 
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Tab  1 


Effects  of  BHP  composition  and  temperature  in  upper  reservoir  (t^r)  on  jet  temperature  (tje,),  water  vapour 
concentration  (Ch2o),  partial  pressure  (Ph2o  ).  02('‘!^g)  excitation  efficiency  (t^  and  laser  output  power  (PJ  at 
_  the  total  pressure  3  kPa 


Ch2025  M 

7.4 

6.8 

6.3 

5.9 

5.5 

5.2 

CkOHj  M 

2.5 

3.5 

4.3 

5.0 

5.6 

6.2 

-11.9 

-11.5 

-11.7 

-12.6 

-17 

-21.7 

tjets> 

-9.2 

-9 

-9 

-8.9 

-13 

- 17 

Ch20>  % 

7.2 

6.6 

6.5 

6.1 

4.5 

3.5 

Ph20.i> 

230 

207 

200 

190 

145 

130 

% 

52 

53 

57 

56 

55 

54 

Pl,W 

51 

53 

62 

70 

74 

4.  CONCLUSIONS 

1 .  Water  vapour  concentration  in  the  gas  flowing  from  the  jet  singlet  oxygen  generator  was  measured.  It  was  found  that 
the  relative  content  of  water  decreases  with  increasing  total  pressure,  while  the  partial  pressure  of  water  slightly  increases. 
This  dependence  was  explained  by  increasing  jet  temperature,  proved  experimentally,  which  results  in  increasing  saturated 
water  vapour  pressure.  The  measured  partial  pressure  of  water  in  gas  corresponds  to  the  calculated  value  of  saturated  vapour 
pressure  of  water  above  the  BHP  used.  The  water  pressure  in  gas  is  descending  with  increasing  both  KOH  and  H2O2 
concentrations  in  BHP  solution,  and  with  decreasing  liquid  temperature. 

2.  Experiments  performed  with  a  small  supersonic  COIL  proved  a  detrimental  effect  of  water  in  the  concentration  range 
from  7.2  %  to  3.5  %  on  the  laser  output  power. 
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ABSTRACT 


A  ID  kinetic  model  of  COIL  performance  based  on  the  concept  of  mixing  length  is  described.  The  results  of 
calculations  are  compared  with  the  experimental  data  measured  on  the  COIL  device  in  the  Institute  of  Physics,  Prague. 

Keywords:  iodine  lasers,  metastable  oxygen,  kinetics,  modelling 


1.  INTRODUCTION 


A  realistic  COIL  model  should  involve  the  process  of  mixing,  since  the  diffusion  of  the  injected  components  proceeds 
at  a  final  rate.  Without  the  mixing,  a  so  called  pre-mixed  model  is  obtained  (as  discussed  in^),  which  would  correspond 
to  a  very  fast  diffusion.  This  is  usually  not  the  case  in  the  pressure  range  of  interest  1  -r  lOtorr.  A  consistent  approach 
would  require  solving  the  equation  of  the  perpendicular  diffusion.  Instead,  in  the  literature  the  concept  of  mixing 
length  Ls  is  sometimes  encountered.^  It  simply  assumes  that  following  the  injection  point  any  component  enters 
the  chemical  reactions  only  gradually,  after  being  mixed  to  the  molecular  level  with  the  medium,  into  which  it  was 
injected.  This  gradual  mixing  is  described  by  an  exponential  law,  so  that  the  concentration  of  a  component  which 
does  not  react  chemically  (such  as  Ar  as  a  carrier  gas)  is  given  by  [Ar]  =  [Ar]o(l  —  exp(a:/L,)),  where  [Ar]o  is  the 
average  concentration  at  the  injection  point.  Such  a  relation  originates  from  a  phenomenological  term  of  the  type 

([Ar]o-[Ar])/L,  (1) 

added  to  the  purely  chemical  part  of  kinetic  equation.  The  presence  of  these  phenomenological  terms  in  selected 
equations  of  the  kinetic  set  modifies  in  a  certain  measure  the  results.  In  the  following  we  shall  try  to  find  the  most 
favourable  configuration  of  these  terms  by  testing  the  computational  results  against  experimental  data.  The  chemical 
part  of  our  model  involves  a  reduced  reaction  scheme,^ more  general  schemes'^  lie  beyond  the  scope  of  our  purpose. 
Thermal  dependencies  of  the  reaction  rates  were  included  as  long  as  they  were  available,  see  Table  1. 


2.  KINETIC  EQUATIONS 


The  laser  output  power  is  given  by  the  relation 


P  =  Ahula 


2lr 


I  In  Ri  |u« 


Fi-  -g{h\Pi 

^  d-  4-  i/^J) 


(2) 
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provided  the  threshold  condition  {2lacO'/lres){[^*]  ~  92  —  («  +  C)  =  0  is  met. 


Designation:  k  =  {c/2lres)\^T^R\R2\  are  the  losses  through  the  end  mirrors  are  the  reflectivities,  c  light 

velocity,  Ires  resonator  length),  A  beam  cross-section,  hi/  photon  energy,  lac  active  length  of  the  amplifying  medium, 
u  velocity  of  the  stream,  (  coefficient  of  internal  loss,  gf  =:  24,  =  12  are  the  total  degeneracies  of  the  lower 

and  upper  laser  level,  a  =  7.5  x  10”^®y^300/T  [cm^j  is  the  cross-section  of  the  stimulated  emission  (temperature 
dependent),  [  ]  designates  the  number  density  of  a  component.  F/  and  F/*  are  the  rates  of  the  chemical  production 
of  the  ground  level  /(^/3/2)  and  upper  level  of  the  iodine  atoms,  which  also  enter  the  kinetic  equations 

d[I]/dx  =  Ff  +  kca([r]-gJ/snnm  (3) 

u 

d[n/dx  =  Ff.-^[ca(in-d/3T[nm  (4) 

where  W  [cm“^]  is  the  photon  number  density.  The  kinetic  equations  for  the  remaining  species  are  constructed 
analogically.  For  instance,  the  production  rate  of  the  molecular  iodine  I2  including  the  mixing  term  of  the  type  (1)  is 
given  by 

dihydx  =  Fi,  -f  ([/2]o  -  [h])ILs  (5) 

with  the  mixing  term  of  the  type  (1)  was  added  describing  the  fact  that  the  molecular  iodine  injected  with  the  average 
concentration  [/2]o  must  first  be  mixed  to  the  molecular  level  over  the  length  Lg  to  become  available  for  the  chemical 
reactions.  The  rate  equations  are  still  supplemented  by  a  thermal  balance  equation  for  the  mixture  temperature  T 

dT/dx  =  Ft  (6) 

The  expression  for  the  chemical  rates  Fj,  Fj» ,  F/^,  •  ■  -  (the  rate  equations  not  written  explicitly  apply  to  O2,  02(^Ag), 

etc.)  as  well  as  for  tlie  heating  rate  Fj  are  constructed  in  a  usual  way  from  the  known  reaction  rates  of  the  chemical 
reactions  considered.  They  are  summarized  in  a  table  (reaction  rates  in  the  2nd  column  are  in  [cm^s”^]  for  the  binary 
or  in  [cm®s“^]  for  the  triple  reactions;  reaction  energies  in  the  3rd  column  are  in  [eV]) 


202('A^)^02('i:5)-f  O2 

02{}^g)  I2  ^  O2  +  2/ 

02(^  Agf)  +  /  — >  O2  "h  F1/2) 

O2  -h  /(^Fl/2)  02^ ^g)  +  I 

O2C  ^g)  4*  /(^Fi/2)  02(^IIg)  +  / 

2/  +  /2  ^  2/2 

21  -f-  O2  — ^  ^2  4*  ^2 

02(^^  .’)  -h  I2  O2  -h  l2{y  >  0) 
02(^Ay)  4"  l2{y  >  0)  — >  O2  4"  2/ 
/("Pl/2)-f  /2“^/2(v  >0)-f  7 
72  (^  >  0)  -j-  O2  72  4"  O2 


9.5  X  10-2®T3  ®exp(700/T)  Ref.^ 

0.33  Ref.® 

4.0  X  10-12  Ref.® 

0.087  Ref.® 

2.3  X  10-VT 

0.034  Ref.i 

3.1  X  10-®exp(-403/T)/T  Ref.® 

0.034  Ref. 2 

4.0  X  10-2‘‘r®  ®exp(700/T)  Ref.® 

0.29  Ref.® 

3.0  X  10-®°  Ref.® 

1.5  Ref.® 

5.0  X  10-®2  Ref.® 

1.5  Ref.® 

1.0  X  10-®2  Ref.® 

1.5  Ref.® 

7.0  X  10-1®  Ref.® 

0 

3.0  X  10-1°  Ref.® 

0 

1.6  X  10-11  exp(272/T) 

0 

5.0  X  10-11  Ref.® 

0 

3.  TESTING  THE  MODEL  AND  CONCLUSIONS 


The  set  of  kinetic  equations  (3-6)  and  the  analogous  ones  for  other  components  of  the  mixture  occurring  in 
table  '  ’  solved  numerically  aiming  at  the  conditions  described  in  the  experiment. These  are  briefly  as  follows 


m  total  molar  flow  rate  11.8mmo//s  ([C/2]  =  0),  pressure  O.lotorr  (98Fa) 
^)  about  60%,  pressure  0.45/orr  (60Fa) 


570 


Molecular  iodine  injection  rate  50/imo//5,  pressure  0,005^orr  (O.lPa) 

Ar  pressure  40Pa 

Geometry:  distance  injector-resonator  2.05cm,  resonator  width  3.7cm,  height  2.5cm,  optical  length  Ires  = 
80cm,  active  length  lac  =  40cm 

Reflectivity  of  the  output  mirror  Ri  =  98.1%  or  97.8% 

Velocity  of  the  flow  u  =  30m/5. 


The  model  includes  the  mixing  length  L,  as  a  free  parameter,  see  Fig.  1.  Fairly  uncertain  is  also  the  internal  loss 
though  it  is  possible  to  make  an  estimate  using  the  experimental  data  C  =  5*6  x  10“'^cm“^.^°  We  were  trying  to 
map  the  solution  changing  L,  and  C,  for  =  2cm  the  internal  loss  coefficient  C  =  7  x  10“®cm”^  appeared  to  be  the 
best  fit  for  the  laser  output  power  58W,  see  Fig.  2.  Equally,  the  mixing  term  (1)  was  alternatively  switched  on  and 
off  for  various  components.  It  is  not  difficult  to  show  that  unless  it  is  either  present  or  absent  for  all  the  components 
involving  a  specific  particle  species  (e.g.,  iodine  atoms  bound  or  free),  the  local  conservation  of  number  of  the  particles 
may  be  breached  for  very  short  mixing  lengths. 

In  conclusion  an  important  consequence  of  the  flexibility  in  the  mixing  term  application  will  be  demonstrated  on 
the  example  of  the  laser  power  dependence  on  the  I2  injection  rate.  With  an  asymmetric  mixing  (the  mixing  term  is 
switched  on  for  I2  only,  (Fig.  3)  the  dependence  is  monotonous  as  noticed  also  in.^  However,  with  a  symmetric  mixing 
involving  also  the  O2  and  02(^Ag)  the  dependence  passes  through  a  maximum  corresponding  to  the  experimental 
finding,  Fig.  4. 
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Figure  1:  Computed  laser  intensity  across  the  resonator. 
Parameter:  mixing  length  L,,  reflectivity  Ri  =  98.1%. 
The  internal  loss  coefficient  C  =  2.7  x  was  fitted 

to  the  experimental  output  power  bSW  for  Z,  =  2cm. 


Figure  2:  Computed  laser  power  as  a  function  of  the  out¬ 
put  mirror  reflectivity  for  two  values  of  the  mixing 
length  1  —  L,  =  2cm  and  2  -  =  4cm.  Internal  loss 

coefficient  (  =  7  x  The  experimental  points 

are  shown. 


Figure  3:  Calculated  dependence  of  the  laser  output  power 
and  of  the  mixture  temperature  T  on  the  molecular  iodine 
injection  rate,  a  -  Ri  -  98.1%,  6  -  iti  =  97.8%o,  L,  = 
2cm.  Internal  loss  coefficient  ^  =  7  x  lO^^cm"'^  The 

asymmetric  mixing  renders  a  monotonous  dependence. 


Figure  4:  Calculated  dependence  of  the  laser  output  power 
and  of  the  mixture  temperature  T  on  the  molecular  iodine 
injection  rate,  a  -  i?i  =  98.1%,  6  -  =  97.8%,  I,  = 

2cm.  The  internal  loss  coefficient  C  -  7  x  10“^cm“^  The 
symmetric  mixing  causes  a  maximum  on  the  power  curves 
to  appear 
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ABSTRACT 


The  flow  field  of  a  supersonic  flow  chemical  oxygen-iodine  laser  is  simulated  solving  three-dimensional 
Navier-Stokes  equations,  and  the  dependence  of  the  mixing/reacting  zone  structure  and  the  resulting  gain  region 
on  the  effective  velocity  ratio  of  I2  jet  to  the  primary  flow  is  studied.  It  is  assumed  that  the  flow  is  laminar  and 
the  water  vapor  condensation  due  to  the  supersonic  cooling  is  ignored.  A  chemical  kinetic  model  encompassing 
21  chemical  reactions  and  10  chemical  species  is  used  to  determine  the  chemical  composition  of  gas  mixture.  The 
12/He  ratio  and  plenum  pressure  of  the  secondary  flow  are  varied  in  order  that  the  amount  of  iodine  injected  into 
the  primary  flow  is  kept  constant  in  each  effective  velocity  ratio.  The  present  results  demonstrate  that  a  pair  of 
contrarotating  vortices  generated  behind  the  I2  jet  greatly  enhances  the  mixing  and  the  simultaneous  chemical 
reaction  of  I2  and  02(^A).  It  is  shown  that  the  optimum  condition  for  the  secondary  I2  jet  momentum  exists. 
The  I2  jet  which  causes  the  high  gain  penetrates  into  the  primary  flow  moderately  deeply  and  does  not  collide 
with  the  counter  one. 


Key  Words  :  Supersonic  Flow,  Reactive  Flow,  Chemical  Laser,  Iodine,  Oxygen,  Numerical  Simulation 


1.  INTRODUCTION 

In  most  supersonic  flow  chemical  oxygen-iodine  lasers  (S-COILs),  the  molecular  iodine  I2  is  injected  trans¬ 
versely  into  the  subsonic  primary  flow  of  the  singlet  delta  oxygen  02(^A)  from  the  chemical  oxygen  generator, 
as  shown  in  Fig.l.  Then,  the  flow  in  which  I2  mixes  and  reacts  with  02(^A)  is  choked  and  expanded  through 
supersonic  nozzle  blades  in  order  to  create  a  favorable  gain  region  from  which  the  optical  energy  is  extracted. 
Therefore,  performance  characteristics  of  S-COIL  depend  significantly  on  the  mixing/reacting  zone  structure. 

The  penetration  and  properties  of  a  jet  injected  transversely  into  a  primary  flow  depend  mainly  on  an 
effective  velocity  ratio  which  is  defined  as  the  square  root  of  the  ratio  of  the  momentum  flux  across  the  jet  orifice 
to  that  of  the  primary  flow,^ 

r  -  ^PsU^JPpUj,  (1) 

where  p  is  the  density,  U  denotes  the  velocity,  and  the  subscripts  p  and  s  represent  the  primary  and  secondary 
flows,  respectively.  In  the  present  study,  the  flow  field  of  S-COIL  is  simulated  solving  the  three-dimensional  full 
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Navier-Stokes  equations  and  the  dependence  of  the  mixing/reacting  zone  structure  and  the  resulting  gain  region 
on  r  is  discussed. 


2.  MATHEMATICAL  MODELING  AND  NUMERICAL  METHOD 

In  the  previous  papers,^’^  the  authors  demonstrated  that  the  condensation  of  water  vapor  due  to  the 
supersonic  cooling  reduces  the  small  signal  gain  coefficient.  For  simplicity,  however,  the  condensation  is  ignored 
in  the  present  simulation.  It  is  reasonable  to  assume  that  the  flow  is  laminar,  since  the  Reynolds  number  of 
S-COIL  based  on  the  nozzle  throat  conditions  and  the  throat  height  is  at  most  lO'b  and  one  based  on  the  orifice 
diameter  of  I2  injector  and  the  injection  condition  is  only  of  the  order  of  10^.  Moreover,  the  compressibility  and 
the  rapid  acceleration  by  the  nozzle  tend  to  stabilize  the  flow.  The  steady  state  solution  is  obtained  using  Lower- 
Upper  Symmetric  Gauss-Seidel  (LU-SGS)  method  with  local  time  steps  for  time-integration  of  the  governing 
equations.  Details  of  the  numerical  method  used  in  the  present  calculation  were  described  elsewhere.^ 

Figure  1  shows  the  configuration  of  nozzle  blades  and  iodine  injectors  adopted  for  the  present  calculation. 
The  nozzle  blade  is  one  which  was  used  in  the  previous  experiment.^  A  cylindrical  L  injector  is  located  upstream 
of  each  nozzle  blade.  In  the  previous  experiment,^  the  secondary  U  gas  was  injected  into  the  primary  flow  through 
4  rows  of  circular  orifices  drilled  in  each  cylinder.  In  the  present  calculation,  however,  only  2  rows  of  orifices  are 
used  for  injection  in  order  to  investigate  the  basic  characteristics  of  the  mixing/ reacting  zone  structure  clearly. 

The  plenum  conditions  of  the  primary  flow  from  the  chemical  oxygen  generator  and  the  secondary  flow 
supplied  by  the  h  injector  are  shown  in  Table  1  where  the  subscript  0  represents  the  plenum  condition.  The 
U/He  ratio  and  P05  of  the  secondary  flow  are  varied  in  order  that  the  amount  of  iodine  injected  into  the  primary 
flow  is  kept  constant  in  each  case. 


Fig.  1.  Schematic  diagram  of  nozzle  blades  and  I2 
injectors. 


Table  1.  Plenum  conditions  of  the  primary  and  sec- 
ondary  flows.  _ 


primary  flow  | 

Pop 

Top 

molar  fraction 

(torr) 

(K) 

02 

02(^A) 

02(^S) 

3.34 

X  10"'^ 

0.179 

0.060 

39.6 

273 

H20 

CI2 

He 

0.012 

0.026 

0.723 

secondary  flow  | 

case 

P06' 

Tqs 

r 

molar  fraction 

(torr) 

(K) 

h 

He 

1 

55.4 

4.0 

0.323 

0.677 

2 

121 

376 

7.5 

0.075 

0.925 

3 

214 

11.6 

0.030 

0.970 

3.  RESULTS  AND  DISCUSSIONS 


Figures  2(a)  and  2(b)  show  the  stream  lines  and  the  cross-sections  of  the  I2  jet  issuing  from  the  upper  half 
of  the  orifice  with  the  effective  velocity  ratios  F  —  4.0  (case  1)  and  11.6  (case  3),  respectively.  The  jet  centerline 
shown  in  Fig.2  is  defined  as  the  stream  line  issuing  from  the  orifice  center.  It  can  be  seen  that  the  secondary  I2  jet 
penetrates  more  deeply  as  F  becomes  larger  and  that  the  jet  centerline  of  the  case  3  reaches  close  to  the  counter 
I2  jet  at  the  nozzle  inlet.  In  all  cases,  the  cross-section  of  the  jet  is  stretched  significantly  due  to  the  strong  shear 
force  near  the  side  boundary  of  the  jet  and  a  pair  of  contrarotating  vortices  are  formed  behind  the  curved  jet. 
These  figures  indicate  that  the  vortices  behind  the  curved  jet  greatly  enhances  the  mixing  and  the  simultaneous 
chemical  reaction  of  I2  and  02(^A). 


Stream  Tube 


(a) 


Fig.  2.  The  stream  lines  and  the  cross-sections  of  the  I2  jet  issuing  from  the  upper  half  of  the  orifice  on  planes 
perpendicular  to  the  jet  centerline  with  the  effective  velocity  ratios  (a)  F  =  4.0  (case  1)  and  (b)  F  =  11.6  (case 


3). 


Figure  3  shows  the  distributions  of  molar  fractions  of  I2  and  the  small  signal  gain  coefficient  downstream 
of  the  nozzle  inlet.  The  mixing/reacting  zone  structure  induced  by  the  vortices  near  the  injector  is  preserved 
even  in  the  downstream  region  of  the  nozzle  blade.  These  results  clearly  demonstrate  the  important  effect  of  the 
vortices  behind  the  iodine  jet  upon  the  laser  performance.  The  calculated  small  signal  gain  coefficient  of  the  case 
3  is  distributed  more  widely  and  uniformly  than  that  of  the  case  1.  The  excessively  shallow  penetration  of  the  I2 
jet,  as  shown  in  Fig.3(a),  leads  to  the  lack  of  iodine  near  the  flow  axis.  It  is  also  pointed  out  that  some  amount 
of  I2  remains  in  the  central  portion  of  the  I2  jet  because  the  singlet  oxygen  02(^A)  sufficient  to  dissociate  I2 
completely  cannot  intrude  into  the  jet.  Consequently,  the  small  signal  gain  coefficient  in  these  portions  of  flow 
cannot  attain  the  positive  value. 

The  small  signal  gain  coefficients  25  mm  downstream  of  the  nozzle  exit  G  which  are  averaged  over  the 
plane  perpendicular  to  the  flow  axis  are  plotted  in  Fig.4.  The  averaged  small  signal  gain  coefficient  of  the  case 
2  is  largest  in  the  present  calculation.  These  results  indicate  that  the  optimum  condition  for  the  secondary  I2 
jet  momentum  exists,  and  that  the  jet  which  causes  the  high  gain  penetrates  into  the  primary  flow  moderately 
deeply  and  does  not  collide  with  the  counter  one. 
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molar  fraction 


Fig.  3.  The  distributions  of  h  molar  fraction  (upper  part)  and  small  signal  gain  coefficient  (lower  part)  on  planes 
perpendicular  to  the  flow  axis  with  the  effective  velocity  ratios  (a)  F  ==  4.0  (case  1)  and  (b)  F  ^  11.6  (case  3). 


r 


Fig.  4.  The  small  signal  gain  coefficients  25  mm  downstream  of  the 
nozzle  exit  G  which  are  averaged  over  the  plane  perpendicular  to  the 
flow  axis. 
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ABSTRACT 

The  instability  of  the  hquid  jets  in  a  jet  singlet  oxygen  generator  for  oxygen-iodine  lasers  may  limit  the  operational  conditions 
and  the  scalability  of  such  generators.  Therefore  the  type  of  instabihty  and  the  breakup  behaviour  of  jets  is  investigated 
experimentally  for  varying  operational  conditions.  Jets  of  basic  hydrogen  peroxide  are  simulated  by  the  use  of  glycerin  solutions 
with  different  viscosities.  Transition  from  laminar  to  turbulent  jets,  the  associated  breakup  modes  and  the  beginning  of  jet 
dissolution  by  surface  spraying  are  observed.  Jet  lengths  have  been  measured  for  various  parameters,  including  gas  counter-flow. 

Keywords:  Chemical  oxygen-iodine  laser,  singlet  oxygen  generators,  jet  generators,  jet  breakup. 

1.  INTRODUCTION 

Jet  singlet  oxygen  generators  (jet  SOG)  were  first  suggested  by  Balan  et  al.’  in  1989  as  a  new  source  for  the  production  of 
02('A)  for  Chemical  Oxygen-Iodme  Lasers  (COIL).  Basically  a  jet  SOG  consists  of  a  multitude  of  thin  jets  of  basic  hydrogen 
peroxide  (BHP)  flowing  through  an  atmosphere  of  chlorine.  With  these  generators  very  high  yields  of  02(^  A)  at  comparatively 
high  partial  pressures  have  been  obtained^.  Jet  SOGs  have  been  implemented  in  a  subsonic  laser  device  and  more  recently  in  2 
supersonic  devices  as  well'’  ^  However,  depending  on  the  operating  conditions  jet  SOGs  may  suffer  from  early  jet  breakup  and 
from  spraying.  Small  droplets  may  be  entrained  into  the  laser  gas  flow  in  significant  amounts  to  disturb  the  laser  process  in  various 
ways.  It  is  therefore  of  great  importance  to  know  in  advance  what  kind  of  behaviour  of  the  jets  is  to  be  expected  in  a  generator  and 
what  the  scaling  possibilities  of  jet  SOGs  are.  While  Spalek  et  al.  have  made  parametric  performance  investigations  of  various 
types  of  BHP  jet  arrays® ,  this  work  is  dedicated  to  the  establishment  of  the  stability  limits  of  individual  jets  under  conditions 
relevant  for  jet  and  drop  generators. 

The  basic  parameters  that  control  the  intact  jet  length  are  the  orifice  diameter,  the  driving  pressure  (liquid  pressure)  with 
which  the  liquid  is  forced  through  the  jet  forming  orifices,  and  the  viscosity  of  the  liquid.  Various  modes  of  jet  structure  and 
breakup  can  be  observed.  A  laminar  flow  has  a  smooth,  unwrinkled  jet  surface.  Due  to  the  inherent  axial  instability  these  jets  form 
regular  contractions  with  decreasing  waste  diameter.  The  jets  finally  break  up  into  regularly  sized  drops  (Rayleigh  break-up).  If  the 
driving  pressure  is  raised,  the  jet  surface  begins  to  wrinkle  due  to  turbulent  motions  of  the  hquid  inside  the  jet.  The  contractions 
become  irregular  and  therefore  the  breakup  also.  Spraying  occurs,  once  the  turbulent  motion  inside  the  jet  is  so  strong  that  the  jet 
surface  breaks  up  locally  and  ejects  hquid  radiaUy  in  the  form  of  smaU  droplets.  -  First  investigations  of  the  length  and  structure 
of  intact  jets  and  the  mode  of  breakup  for  hquid  with  BHP-like  fluid  properties  are  reported  in  references  7  and  8.  In  the  meantime, 
the  method  of  observation  has  been  improved  significantly  and  the  range  of  operating  parameters  has  been  extended. 

2,  EXPERIMENTAL  SET-UP 

The  jet  generator  simulating  device  is  shown  in  Fig.  1.  The  storage  tank  on  top  contains  the  hquid  prior  to  the  test  at  a  pressure 
of  up  to  10  bar  (=  1  MPa).  The  run  tank  is  separated  from  the  storage  tank  by  a  magnetically  driven  valve.  The  volume  of 
the  run  tank  is  kept  as  small  as  possible  (25  cm^)  and  fills  within  a  fraction  of  a  second.  The  hquid  flows  through  an 
interchangeable  plate  with  orifice  holes  that  define  the  jet  diameters  in  the  low  pressure  jet  chamber  underneath.  The  cross-section 
ofthejet  chamber  is  15  x  15  mm  and  the  observable  jet  length  is  25  cm.  Gas  can  be  introduced  into  the  jet  chamber  from  ports  at 
two  opposite  sides  in  10,  15  and  20  cm  distance  from  the  orifice  plate  and  pumped  out  2  cm  below  the  orifice  plate.  In  eveiy 
run  four  identical  jets  are  produced,  which  are  separated  by  2  mm  centerline  distance.  The  jets  are  continuously  photographed  with 
a  video  camera  by  illuminating  them  in  backhght  with  a  stroboscope  of  veiy  short  flash  duration  (  order  of  100  ns).  The  flash 
frequency  is  matched  to  the  framing  rate  of  the  video  camera.  This  method  avoids  all  motion  blur  completely,  even  for  close-up 
pictures  with  considerable  magnification.  The  breakup  length  can  usually  be  identified  and  repeated  to  within  +/-  0.5  cm.  Because 
droplets  from  spraying  attach  to  the  walls  of  the  chamber,  the  visibility  through  the  viewing  windows  can  be  strongly  reduced. 

In  order  to  avoid  complications  with  BHP,  which  needs  continuous  cooling,  solutions  of  glycerin  in  water  have  been  used  as 
a  hquid  to  simulate  BHP.  The  viscosity  of  BHP  can  be  easily  matched  by  the  concentration  (and  temperature)  of  the  glycerin  and 
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has  been  varied  from  1  to  30  mPa  s.  Other  parameters  that  have  been  varied  were: 
driving  pressure  p,  chamber  pressure  p^,  orifice  diameter  d,  orifice  length  1,  and  gas 
flow  velocity  Vg.  The  jet  velocity  can  be  estimated  to  within  about  10%  from  the 
pressure  and  density  of  the  Uquid  using  an  appropriate  discharge  coefficient  or  can  be 
infered  from  the  measurement  of  the  flow  duration  of  a  defined  amount  of  liquid.  Air 
has  been  used  for  the  counter-flowing  gas  and  Vg  was  adjusted  by  injecting  a  defined 
flow  rate  of  air. 


3.  EXPERIMENTAL  RESULTS 

3.1  Flow  modes  and  start-up  phenomena 

The  transition  from  a  laminar  to  a  turbulent  jet  is  not  a  discontinuous  process.  It 
is  therefore  difficult  to  associate  the  transition  with  a  definite  Reynolds  number  Re  = 
p  V  d  /  q  (p,  V,  r|  are  the  density,  velocity  and  viscosity  of  the  liquid  and  d  is  the  jet 
diameter).  At  first  the  strongly  symmetric  axial  instability  with  Rayleigh  breakup 
starts  to  become  irregular,  but  the  jet  surface  remains  smooth.  The  resulting  drops  are 
no  more  round  but  rather  elongated  and  irregular  in  shape.  From  the  observation  of 
the  jet  surface  structure  we  have  associated  "full  turbulence"  with  the  appearance  of 
irregular  wrinkles  on  the  before  smooth  jet  surface.  As  the  Reynolds  number  is 
frirther  increased  the  wrinkles  increase  in  number  and  depth  and  their  size  decreases. 
The  contractions  from  the  wrinkles  become  more  and  more  significant  for  the  breakup 
mechanism.  At  higher  pressures  intermediate  breakup  states  have  been  observed  for 
the  hquids  with  higher  viscosities:  The  jet  breaks  up  and  forms  a  series  of  drops  and 
reconnects  then  again.  As  the  turbulence  in  the  jets  increases  the  straightness  of  the 
jets  is  lost.  The  jets  may  curl  up  (sinusoidal  jets)  and  change  their  direction 
(wandering).  Eventually  spraying  starts  from  the  jet  surface  with  an  increasing 
number  of  ejected  droplets.  In  some  occasions  an  instantaneous,  explosion  like, 
complete  destruction  of  a  jet  has  been  observed. 


Fig.  1.  Jet  generator  simulator 


As  the  analysis  of  the  first  video  frames  after  start  of  the  experiment  shows,  the 
final  jet  mode  is  not  estabhshed  instantaneously.  The  jet  formation  begins  with  a  drippling  process  lasting  for  about  100  jis  until 
the  jets  appear  as  solid  cylinders  with  a  smooth  surface.  During  the  next  40  |is  the  surface  of  the  jets  exhibits  a  few  occasional 
bulbs  and  then  begins  to  wrinkle  rapidly.  Along  with  this  wrinkling  process  spraying  from  the  jet  surface  sets  in  and  achieves  a 
maximum  rate  approximately  250  ps  after  flow  start.  The  jet  surface  is  now  veiy  rough.  However,  the  spraying  can  cease  within 
seconds,  depending  on  liquid  pressure  and  viscosity.  Although  it  is  assumed  that  these  transient  phenomena  are  initiated  by  the 

establishment  of  an  undisturbed  flow  from  the  storage  tank  through  the  run 
tank  (see  Sect.  3.3),  the  observed  stabilizing  times  are  much  longer  than  for 
instance  the  filling  time  of  the  run  tank.  For  a  45%wt.  glycerine  solution 
spraying  starts  at  about  3  bar  and  for  a  65%  glycerine  is  only  observed  at 
pressures  of  4  bar  and  higher.  It  should  be  emphasized  at  this  point,  that 
such  transient  phenomena  may  influence  the  oxygen  generation  during  that 
time  as  well.  Therefore,  short-time  laser  experiments  with  jet  SOGs  may 
not  be  representative  for  a  continuous  longterm  operation. 
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Fig.  2.  Jet  lengths  for  various  orifice  dimensions  at 
a  Uquid  pressure  of  1  bar,  a  chamber  pressure  of  45 
mbar  and  no  gas  flow.  (The  upper  limit  of  17  cm  is 
set  by  the  generator  height). 


3.2  Jet  lengths 

In  a  first  series  of  experiments  the  intact  jet  length  has  been  measured 
for  water  (r|  =  1  mPa  s),  45  %wt  glycerine  (5  mPa  s),  and  65  %wt  glycerine 
(15  mPa  s),  for  3  orifice  diameters  (0.3,  0.5,  and  0.7  mm)  and  for  3  orifice 
lengths  (3, 5,  and  8  mm,  defined  by  the  thickness  of  the  plate  into  which  the 
orifices  were  drilled).  At  1  bar  jets  from  the  two  thinner  plates  were 
generally  found  to  be  longer  by  up  to  2.5  cm  than  for  the  8  mm  thick  plate 
(Fig.  2).  However,  in  some  cases  the  jets  from  the  3  mm  plates  were  also 
shorter  (max.  1.5  cm)  than  those  from  the  5  mm  plate.  The  shortening  of  the 
jets  with  increasing  orifice  length  can  be  explained  by  a  larger  friction  loss 
and  therefore  a  reduced  jet  velocity.  A  reduction  of  the  jet  length  for  thin 
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plates  might  be  explained  by  an  incomplete  development  of  the  velocity  profile  in  too  short  an  orifice.  Yet,  the  influence  of  the 
orifice  length  is  only  a  minor  one,  compared  to  the  effect  of  the  other  two  parameters,  jet  diameter  and  viscosity;  the  jet  length 
increases  roughly  proportional  with  the  jet  diameter.  A  reduction  in  jet  length  is  also  found,  if  the  pressure  in  the  chamber  is  raised 
above  0. 1  bar. 

Jet  length  measurements  have  been  carried  out  for  a  pressure  range  from  0.5  bar  to  8  bar.  The  result  for  the  8  mm  /0.5  mm 
orifice  and  for  two  of  the  tested  liquids  are  shown  in  Fig.  3  with  no  gas  flow  in  the  chamber .  It  is  seen  that  at  first  there  exists  a 
clear  trend  of  increasing  jet  length  with  increasing  pressure.  While  the  already  turbulent  water  jets  continue  to  grow  over  the  whole 
pressure  range,  there  appears  a  reversal  of  this  trend  for  the  glycerine  jets  at  pressures  higher  than  3  bar.  The  turnover  in  the  jet 
length  is  associated  with  the  onset  of  surface  spraying,  which  then  increases  with  the  pressure.  Also  an  increasing  tendency  to  curl 
up  and  wander  is  observed.  In  the  laminar  flow  range  of  65%  glycerine  the  situation  is  somewhat  different.  Independent  of  gas 
velocity  and  liquid  pressure  the  jets  show  first  breaks  without  the  formation  of  drops  after  a  flow  length  of  4  to  7  cm.  Further 
downstream  breaks  occur  successively  more  frequent  and  an  increasing  number  of  drops  appears  in  these  breaks.  Finally,  within 
less  than  a  centimeter  the  jet  turns  completely  into  a  chain  of  drops.  This  limit  is  also  a  strong  function  of  the  pressure,  but  drops 
only  were  never  observed  when  the  pressure  was  higher  than  2  bar. 

In  an  extension  of  this  parameter  study,  air  has  been  introduced  into  the  jet  chamber  20  cm  below  the  orifice  plate  and  pumped 
out  2  cm  below  the  orifice  plate.  The  velocity  was  adjusted  from  0  to  50  m/s  by  varying  the  gas  flow  rate.  After  changing  the  flow 
rate  the  chamber  pressure  was  adjusted  by  a  regulating  valve  in  the  pump  line.  For  water  and  p^  =  45  mbar  jet  lengths  for  hquid 
pressures  higher  &an  1  bar  are  almost  universally  reduced  by  2  to  3  cm  when  a  gas  flow  is  applied.  Above  10  m/s  this  reduction 
is  independent  of  the  gas  flow  velocity  to  within  the  experimental  uncertainty  and  the  jet  lengths  do  not  exceed  8  cm.  The  same  jet 
length  values  are  found  for  a  chamber  pressure  of  200  mbar,  with  the  exception  that  already  in  the  quiet  environment  the  jets  are 
reduced  to  these  values  and  thus  appear  to  be  independent  of  any  gas  flow.  However,  gas  velocities  higher  than  30  m/s  could  not 
be  applied  for  p^  =  200  mbar.  At  these  higher  velocities  the  drops  were  destroyed  at  the  gas  inlet.  The  water  was  blown  to  the 
chamber  walls,  driven  upwards  to  the  gas  exit  and  entrained  in  large  amounts  into  the  pump  line.  For  glycerine  solutions  a 
reduction  of  the  jet  length  (transition  to  a  pure  drop  flow)  of  up  to  50%  is  found  with  increasing  gas  velocity,  irrespective  of  the 
chamber  pressure.  For  the  65%  glycerine  this  decrease  occurs  over  the  whole  pressure  range.  At  a  fixed  gas  velocity  (i.e.  30  m/s) 
the  jet  length  increases  roughly  with  the  square  root  of  the  liquid  pressure.  If  the  pressure  is  not  too  high  (^4  bar),  a  similar 
decrease  in  jet  length  with  increasing  gas  velocity  is  found  for  the  45%  glycerine,  as  Fig.  4  shows.  However,  at  pressures  of  6  and 
8  bar  the  influence  of  the  gas  flow  becomes  notably  less. 


Fig.  3.  Jet  length  variation  with  the  pressure  of  the  liquid  Fig.  4.  Jet  length  variation  with  the  velocity  of  the  gas  flow 

for  water  and  45%  glycerine  and  two  chamber  pressures  for  different  pressures  on  45%  glycerine. 


33  Orifice  effects 

By  observing  the  jet  structures  it  has  been  found,  that  in  some  cases  the  jet  diameter  is  shrinking  with  increasing  hquid 
pressure.  Causes  may  be  searched  m  nozzle  inlet  effects  and  cavitation  like  mechanisms  inside  the  orifice,  which  prevent  a  proper 
matching  of  the  flow  to  the  orifice  walls.  Gills  et  al.  have  reported  about  such  effects^  This  speculation  has  lead  us  to  a  separate 
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investigation  of  the  flow  inside  the  orifice.  For  that  purpose  a  1  mm  diameter  and  1 0  mm  long  bore  had  been  drilled  into  lucite  to 
view  the  interior  flow.  The  same  videographing  and  lighting  technique  had  been  apphed  with  a  magnification  up  to  30  for 
recording  the  flow  features.  Initially  the  edge  of  the  bore  entrance  had  been  kept  sharply  rectangular. 

In  the  first  experiments  with  water  it  became  immediately  apparent,  that  a  cavitation  type  process  is  occuring  at  the  inlet  indeed. 
The  filling  of  the  bore  with  hquid  downstream  of  the  inlet  was  found  to  be  a  strong  function  of  the  pressure  on  the  hquid.  While 
at  a  driving  pressure  of  1  bar,  the  bore  filled  after  a  flow  distance  of  about  half  of  its  length,  already  at  2  bar  these  cavitation 
features  were  dragged  all  the  way  down  to  the  bore  end  and  at  even  higher  pressures  the  bore  was  never  filled  with  hquid.  In  all 
cases  the  flow  was  clearfy  turbulent  at  the  exit.  Increasing  the  viscosity  to  2.5  mPa  s  (30%  glycerine)  reduced  this  cavitation  effect 
considerably:  At  1  bar  the  bore  filled  after  20%  of  the  bore  length  and  the  cave  reached  to  the  bore  end  only  at  4  bar.  A  further 
increase  in  viscosity  to  5  mPa  s  initiated  a  reduction  of  the  cavitation  length  at  high  pressures:  With  25  mm  it  was  maximum  at  the 
pressure  of  2  bar  and  disappeared  entirely  for  pressures  of  6  bar  and  higher.  Finally,  for  viscosities  of  15  mPa  s  and  higher  (65% 
and  73%  glycerine)  the  bore  remained  filled  at  all  times.  In  an  attempt  to  improve  the  situation,  the  inlet  edge  of  the  bore  has  been 
rounded  with  a  radius  of  2  mm.  Now,  cavitation  could  not  be  observed  anymore.  -  In  order  to  show  a  possible  deficit  in  mass 
throughput  as  a  consequence  of  an  incomplete  filling  of  the  bore,  the  flow  rate  has  been  measured  for  boA  cases,  unrounded  and 
rounded  inlet  edge.  As  expected,  it  increased  almost  «  Vp  (exact  power  is  0.52  to  0.57),  but  turned  out  to  be  roughly  a  factor  of  2 
below  the  theoretically  expected  values^  in  either  case.  The  ratio  of  the  measured  to  the  theoretically  ideal  flow  rate  is  nearly 
independent  of  the  pressure  for  water  and  30%  glycerine  and  approaches  a  limiting  value  of  0.38  at  the  higher  pressures.  Checking 
the  Reynolds  no.  shows,  that  this  is  the  case  when  Re  becomes  larger  than  Re^^^t  =  12000(Fd)'®  a  value  given  by  Sande  and 
Smith^®.  This  means  turbulent  flow  and  corresponds  with  the  observed  appearance  of  the  cavitation  mechanism. 


4.  CONCLUSIONS 

Basically  the  jets  are  found  to  follow  the  general  laws  layed  out  in  ref  7.  For  higher  pressures  the  instabhties  of  the  jets  increase 
quite  rapidly.  Low  viscosity  jets  show  considerable  surface  spraying  and  a  reduced  jet  length.  As  expected,  a  counter-flowing  gas 
does  shorten  the  jet  length  and  this  effect  is  independent  of  the  pressure  in  the  jet  chamber.  For  short  term  operations  of  the 
generator  tr  ansient  phenomena  did  occur  which  exhibited  strong  spraying  for  at  least  several  seconds.  Low  viscosity  of  the  hquid, 
together  with  a  sharp  inlet  into  the  orifice  bore  may  give  rise  to  cavitational  features,  which  limit  the  flow  rate  and  increase 
turbulence  effects. 
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Oxygen  -  Iodine  Laser  Capacity  at  the  Elevated  Pressure. 
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Abstract: 

The  present  paper  describes  the  experimental  results  for  aerosol-jet  singlet  oxygen  generator  with  a 
twisted  flux  to  separate  the  aerosol  effectively.  It  was  demonstrated  that  at  50  Torr  pressure  and  30  m/s 
velocity,  there  does  not  exist  the  aerosole  in  die  flux  at  the  reactor  output,  and  singlet  oxygen  contribution 
constitutes  70%,  not  less.  The  numerical  simulations  results  are  given  for  supersonic  COIL  up  to  50  Torr 
pressure  in  the  nozzle  input  with  and  without  inertia  diluent  in  the  matin  flux. 

Key  words:  singlet  oxygen  generator,  iodine-oxygen  laser,  aerosol,  jet  and  dropped  regimes,  laser  cavity. 

1.  Introduction. 

Further  trends  in  chemical  oxygen-  iodine  laser  (COIL)  development  assume  higher  pressure  in  the 
gas  path  as  it  provides  for  reduced  energy  consumption  to  sustain  a  working  vacuum.  Moreover  with 
increased  pressure  laser  dimensions  and  weight  decrease  for  a  specified  power,  if  one  manages  to  preserve  the 
efficiency.  The  advance  in  singlet  oxygen  generator  (SOG)  studies  facilitated  the  pressure  range  of  30  -  100 
Torr  at  the  SOG  output,  provided  oxygen  excitation  being  high  [1,2,3,4].  This  allowed  to  reach  lasing  of  10% 
efficiency  for  subsonic  flow  in  the  cavity  and  over  25%  for  supersonic  COIL  (SCOIL)  without  a  water  vapour 
trap  to  be  used  in  COIL  experiments  [1,5].  In  SCOIL  experiments  the  SOG  oxygen  flow  was  debited  drastically 
with  helium.  It  is  evident  that  on  one  hand,  helium  present  eases  substantially  the  achievement  of  high 
efficiency  of  lasing,  on  the  other,  increases  its  cost  considerably,  and  thus  is  not  desirable  in  practical 
applications.  Resent  publication  of  Samara  physics  show  that  a  jet  SOG  facilitates  up  to  100  Torr  in  the  gas 
mixture  at  the  output  without  hebum  (or  argon)  at  60%  singlet  oxygen  concentration.  Meanwhile  stiU  unclear 
is  the  capability  of  COIL  lasing  section  proper,  to  convert  effectively  the  stored  energy  in  SOG  flux  in  laser 
radiation  if  there  is  no  buffer  gas.  Special  research  is  needed  to  identify  optimal  pressure  achievable  without  a 
notable  loss  in  the  efficiency.  First,  one  has  to  identify  a  key  component  of  a  COIL  limiting  its  energy 
permeability:  a  SOG  or  a  lasing  section  proper. 

The  present  work  is  a  certain  step  in  the  solution  of  the  problem.  The  paper  consists  of  two  parts.  The 
first  part  gives  the  experimental  restdts  for  a  SOG  of  VNIIEF  proposed  scheme  [6]  implementing  an  aerosol-jet 
reactor  in  which  an  basic  solution  of  hydrogen  peroxide  (BHP)  is  fed  as  condensed  jets  across  the  gas  flux 
twisted  to  separate  the  hquid  drops  from  oxygen  at  the  early  stages.  To  shorten  the  name,  the  reactor  is  named 
as  TASOG.  The  TASOG  design  aimed  at  higher  pressures  of  synglet  oxygen  and  its  velocity  at  the  reactor 
output  compared  with  the  exciting  reactors.  The  second  peirt  of  the  paper  presents  the  calculation  of  lasing 
power  results  at  higher  pressures  of  synglet  oxygen  when  there  is  no  neutral  deluent  in  the  prime  energy 
carrying  flux. 


2.  Twisted  Aerosol  SOG  Experiments. 

As  it  is  known,  by  now  the  highest  SO  pressure  was  recorded  in  jet  SOG  shots  which  design  was 
proposed  and  studied  by  Samara  physics  [3,4,5].  Currently,  the  advantages  of  this  reactor  provided  the  higher 
energy  characteristics  of  a  gas  at  lower  water  concentration  in  the  output  flux:  at  70-100  Torr  and  30-40  m/ s 
for  the  gas  in  the  basic  cross  section  of  the  reactor  the  SO  contribution  constitutes  70-50%,  partial  water 
pressure  is  less  than  2  Torr.  Unfortunately  the  high  SO  flux  at  high  gas  pressure  and  velocity  was  accompanied 
by  aerosol  carry-over  from  the  reactor  and  residual  chlorine  increase  in  output  flow.  The  published 
experimental  data  showed  that  the  boundary  velocity  and  pressure  ranges  are  15-20  m/s  and  30-50  Torr, 
correspondingly,  which,  when  increased,  cause  aerosol  removal. 

We  have  tried  with  our  SOG  scheme  [6]  to  perfect  the  arrangement  of  gas  and  liquid  flows  as  well  as 
aerosole  separation  with  a  hope  to  achieve  higher  pressure,  velocity  and  SO  contents  at  low  water  and 
aerosole  concentration  at  the  output.  Present  state  of  the  work  is  shown  below. 

TASOG  reactor  (fig.  1)  is  a  cylinder  of  4.2  cm  inner  diameter  and  25  cm  height.  BHP  in  the  form  of 
drop  jets  of  10  m/s  velocity  is  delivered  through  the  holes  in  a  central  tube  of  1.6  cm  outer  diameter 
perpendicular  to  the  wall,  and  the  gas  is  blown  through  a  system  of  these  jets  along  the  cylinder  axis.  Holes 
diameter  was  0.03  cm.  The  central  tube  rotates  and  is  equipped  with  a  feeder  to  collect  and  remove  a  spent 
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liquid.  Provided  the  gas  passing  along  the  screwed  channels  of  the  feeder,  aquires  an  angular  velocity  which 
exceeds  substantially  the  velocity  of  feeder  rotation  that  allows  to  remove  aerosole  from  the  gas  flux 

effectively.  A  transversal  arrangement  of  the  short  jets  provides  for  fresh 
solution  along  the  path  of  interaction  and  allows  to  choose  a  length  for  the 
working  zone  needed  for  complete  chlorine  utilization  at  any  gas  velocity. 

The  first  TASOG  experiments  showed  a  conceptui  feasibility  of  the 
proposed  scheme  and  high  utilization  of  chlorine  characteristic  of  aerosole 
reactors  [6],  The  directions  for  gas  fluxes  and  liquid  removed  over  cylinder  wall 
coincided  with  the  force  of  gravity,  thus  partially  the  liquid  got  in  the  measuring 
tract  in  these  shots.  The  present  design  was  slightly  changed  to  avoid  this 
drawback  causing  high  water  concentration  in  the  output  flux.  Mainly,  these 
shots  aimed  at  the  conditions  to  be  developed  under  which  the  gas  at  the  reactor 
output  is  free  from  the  aerosole.  Also,  the  measuring  tract  geometry  was 
changed,  as  the  old  edition  had  the  measuring  points  for  synglet  oxygen  glow 
taken  imjustly  too  far  from  the  SOG  output.  The  measuring  tract  simtdated  the 
COIL  subsonic  nozzle  section  and  was  completed  with  the  supersonic  nozzle. 
Varied  relationships  of  the  areas  of  chlorine  washer  and  a  supersonic  nozzle 
allowed  to  change  the  reactor  pressure  and  velocity.  Pressmes  were  meastired  in 
the  reactor  bottom  and  in  the  measuring  section,  as  well  as  radiation  rates  at  2 
wavelengths:  0.76  and  1.27  )im.  Chlorine  consumption  was  measured  on  the 
calibrated  washer,  its  concentration  -  in  the  measuring  section  by  light 
absorption  on  0.334  |im  wavelength.  The  velocity  was  measured  with  Pitot  tube 
in  the  measuring  section.  During  the  onlet  gas  was  sampled  from  the  flux  by 
which  its  chemical  composition  was  identified.  Thermocouples  measured  the  flux  temperature.  In  the  shots  we 
chose  the  design  parameters  which  facilitated  aerosole  precipitation  prior  to  their  release  from  the  reactor,  as 
well  as  the  cylinder  wall  geometry  and  collector  location  which  prevent  from  liquid  film  ablation  from  the 
cylinder  walls  in  the  measuring  tract.  Visually  the  aerosole  presence  or  absence  was  recorded.  Table  1  shows 
the  experimental  measurements  when  the  SCXj  output  flux  did  not  contain  the  liquid.  We  had  some  difficulties 
in  interpretation  of  the  singlet  oxygen  radiation  intensity  measurements  because  of  gas  density  imcertainty  in 
such  experiments.  It  is  caused  by  unreliable  temperature  measurement  by  means  of  thermocouples  in  rare  gas 
at  SO  relaxation.  So  we  tried  to  rationalize  the  obtained  experimental  results  on  the  basis  of  one-dimensional 
engineering  model  presented  below, 

EXPERIMENTAL  RESULTS  Table  1. 
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The  interpretation  using  one-dimensional  code  results  is  presented  in  emphasis  cells.  There  are  two  different 
interpretation  cases  of  the  same  experiment  in  the  last  two  rows. 


The  calculated  form  of  the  SOG  output  and  measuring  section  was  taken  from  experiment.  Gas  velocity  and 
oxygen  excitation  degree  at  reaction  zone  exit  were  selected  to  reach  the  sonic  velocity  at  exit  nozzle  and  to 
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ensuremaximal  correspondence  of  the  meastired  and  calculated  parameters.  Table  1  provides  the  results  of 
nxunerical  experiments  interpretation.  The  measured  and  calculated  values  are  shown  to  be  dose  primarily  but 
the  highest  pressure  experiments.  Besides  that  we  did  not  manage  to  describe  the  tube  Pitot  reading,  that 
requires  the  additional  study. 

The  gas  sample  analizing  shows  water  concentration  became  vitally  lower  compared  to  the  first 
shots.  It  must  be  mentioned  that  ttiese  results  were  obtained  without  additional  cooling  of  the  reactor  and 
with  -  IQfKZ  solution.  If  more  concentrated  solutions  are  used  and  the  temperature  is  reduced  to  -  15  -5-  -20PC, 
water  concentration  can  be  made  even  lower.  It  must  be  stressed  that  for  all  table  pressures  and  velodties  in 
the  reactor,  the  aerosole  was  not  trapped  from  the  reactor.  The  SO  lot  also  can  be  seen  a  little  decreasing  at 
pressure  increasing  up  to  60  Torr.  Velocity  is  to  be  increased  to  keep  the  high  SO  content  at  the  high  pressure. 
To  prevent  aerosol  carry-over  from  SOG  some  modifications  are  necessary  to  implement.  In  the  experimental 
model  mentioned,  the  separation  section  of  the  reactor  had  to  be  prolonged  by  a  shortened  working  zone  so 
the  chlorine  utilization  was  reduced  compared  to  the  first  experiments,  nevertheless  even  at  6  cm  working 
zone  of  the  reactor,  chlorine  was  utilized  at  85-90%  level,  not  less.  Further  advance  to  higher  pressures  and 
velocities  of  the  gas  demands  the  next  model  of  a  reactor  with  longer  working  zone  filled  with  jets. 

The  numerical  estimates  revealed  that  the  input  of  COIL  supersonic  nozzle  replacing  the  measuring 
section,  the  TASOG  even  in  the  present  arrangement  is  capable  of  producing  a  flux  of  70-80%  oxygen 
excitation  under  50  Torr, 

3.  Calculation  model. 

To  assess  the  COIL  efficiency  under  higher  pressures  a  mathematical  model  was  used  which  was 
presented  in  the  previoris  work  [6].  The  model  includes  the  2-D  or  3-D  supersonic  gasdynamic  equations  with 
account  of  turbulent  mixing,  chemical  kinetics  and  energy  exchange  and  interaction  with  radiation  in  the 
cavity,  including  basic  energy  exchange  channels  as  well  as  calculations  of  lasing  power  in  the  cavity.  This 
nximerical  model  with  a  kinetics  block  for  gasdynamic  CO2  laser  was  verified  in  detail  via  the  comparison  with 
experimental  data  in  a  wide  range  of  conditions  and  has  shown  a  good  agreement  with  the  experiment  that 
testifies  for  a  correct  description  of  the  flow  gasdynamic  processes  and  choice  of  turbtdence  models  in  mixing 
[9,10].  In  the  COIL  model  the  kinetics  block  was  replaced  for  the  block  describing  the  kinetics  of  chemical 
reactions  and  energy  exchange  for  COIL  mixtures.  The  kinetics  model  was  borrowed  from  FIAN  work  [11] 
with  certain  additions  to  the  reactions  accounted  and  shght  changes  in  the  choice  of  constants  [6]. 

Prior  to  numerical  research  we  have  numerically  modeled  VERTYCOIL  facility  to  check  its  validity. 
Initial  data  was  taken  from  the  experiment  published  in  ref.[l].  The  calculated  laser  power  constituted  1.76  kW 
in  1-D  model  and  1.66  kW  -  in  2-D  model  that  is  dose  enough  to  experimental  1.75  kW. 

4.  COIL  Calculations  under  Elevated  Pressure. 

Figures  2  and  3  show  the  basic 
parameters  of  the  calculated  design  with 
main  calculations.  One  has  to  note  that 
reliable  data  obtained  in  numerical 
modeling  requires  thorough  verification  of 
the  code  via  calculated  and  experimental 
result  comparison  in  a  wide  range.  This  is 
to  be  done  yet,  so  the  obtained  results, 
most  probably,  must  be  specified. 
Nevertheless,  certain  features  revealed  in 
calctdations  attract  the  attention.  First, 
with  no  helium  for  energy  compensation 
released  in  the  flux,  espedally  in  the 
cavity,  we  had  to  increase  the  geometrical 
expansion  degree  to  6  and  the  expansion 

2.  Injecting  flow:  Po  =  0.066  atm.  To  =370K,  composition:  0.01  J2  +  angle  to  5^  after  the  shaped  section.  At 

0.99  N2  smaller  expansion  in  the  cavity  a 

3.  Mixing  points  coordinates:  Xm  “  0.025cm,  Xm  =  -  0.15cm  supersonic  flux  can  not  be  preserved, 

(subsonic  case).  Second,  higher  pressure  of  the  synglet 

oxygen  in  the  nozzle  input  and  no 


WITHOUT  HELIUM  CASE  NUMERICAL  SIMULATION 


1.  Main  energy  carrying  flow:  Po  =0.066  atm.  To  =300K, 
composition:  0.46  O2  +  0,5  O2*  +  0.02  CI2  +  0.02  H2O 
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helium  require  a  mixing  point  shifting  in  the  supersonic  region,  otherwise  the  supersonic  flux  is  not  realized  in 
the  cavity.  Fig.  2  illustrates  the  parameters  of  the  flow  occured  in  case  of  small  shift  of  injection  point  to 
subsonic  side.  One  can  see  that  the  available  laser  energy  is  all  but  lost  yet  before  the  cavity  to  be  reached. 
Supersonic  injection  resiilts  in  the  fact  that  the  production  of  atomic  iocflne  and  maximum  gain  factor  shift 
downstream.  If  this  fact  is  confirmed  in  the  experiments,  then  the  best  results  are  to  be  expected  for  the 
mixing  scheme  we  had  used  for  the  mixed  gasdynamic  laser  in  which  the  mixed  gas  is  delivered  in  the 

supersonic  nozzle  section  in  the  form  of  jets 
parallel  to  the  basic  flux  [6,9,10].  Our 
experiments  with  mixing  gasdynamic  laser 
which  had  been  performed  earlier  proved  this 
mixing  system  provided  sufficiently 
homogeneous  mixing  under  minimd 
gasdynamic  disturbances  caused  in  flow.  The 
last  factor  becomes  especially  important  when 
SO  high  pressxire  because  it  provides  the  more 
stable  supersonic  flow  under  the  less  geometrical 
expansion  degree  of  the  nozzle. 

5.  Conclusion. 

The  main  results  obtained  can  be  formulated  in  the  following  way: 

•  It  was  experimentally  showed  that  we  managed  to  achieve  over  30  m/s  velocities  under  40  Torr  in 
the  SOG  scheme  with  the  twisted  flux  without  solution  removal  from  the  reactor.  The  obtained  numerical 
estimates  demonstrate  TASOG  is  able  to  provide  the  SO  flux  at  the  supersonic  COIL  input  under  the  pressttre 
of  50  Torr  and  higher  and  oxygen  excitation  at  the  reactor  output  constituting  70%,  not  less. 

•  The  comparison  of  the  calculated  power  values  with  the  published  experiments  showed  a 
satisfactory  agreement  that  speaks  for  applicability  of  the  mathematical  model  for  COIL  parameters  study. 

•  The  calculations  done  for  50  Torr  input  pressure  in  the  supersonic  nozzle  showed  the  need  for 
supersonic  iodine  mixing  in  the  basic  flux  if  the  main  flux  lacks  the  inertia  diluent. 
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ABSTRACT 

A  400-keV  electron  beam  has  been  used  to  initiate  HF  chemical  laser  pumped  by  the  nonchain 
reaction.  Parametric  studies  of  the  energy  deposited  and  laser  performance  were  performed  to 
determine  optimum  pressure  and  composition  of  SFe/  H2  or  C2H6  mixture. 

1  -  INTRODUCTION 

Previous  investigators  have  used  high-energy  electron  beams  to  produce  HF  chemical  lasers 
operating  either  on  the  chain  reaction  [1-4] with  high  specific  energy  (lOOJ  /  1)  or  on  the 
nonchain  reaction  [5,  6]with  lower  specific  energy  (lOJ  / 1).  This  initiation  is  usually  performed 
by  injection  of  a  beam  along  the  cavity  axis  or  perpendicular  to  this  axis. 

In  the  present  experiment  an  intense  electron  beam  was  injected  into  the  laser  mixture  and  a 
pressure  transducer  was  used  to  infer  energy  deposition.  In  our  investigation  we  found  that  an 
increase  in  the  pressure  of  SFe  to  p~  SOOmb  increase  the  energy  deposition  linearly.  For  higher 
gas  density,  the  spatial  ionization  region  contracted  and  the  energy  deposition  remain 
constant. 

Laser  output  energy  dependence  on  the  H2  and  C2H6  concentration  was  investigated  for  a  gas 
mixture  with  a  constant  SFe  pressure  of  550  mb.  The  maximum  laser  energy  measured  was  7  J 
with  a  H2  partial  pressure  included  between  8  and  70  mb.  With  C2H6  the  energy  initially 
increases  rapidly  with  increasing  ethane  pressure  up  to  a  maximum  of  6  J  at  10  mb  ;  then,  the 
energy  decreases  quickly  for  pressures  greater  than  20  mb. 

2  -  EXPERIMENTAL  APPARATUS 

Figure  1  shows  a  schematic  representation  of  the  experimental  apparatus.  The  laser  initiation  is 
made  by  two  couterpropagating  electron  beams  delivered  by  two  accelerators  The  high  voltage 
to  apply  across  the  anode  and  cathode  of  the  diode  is  produced  by  a  six-stage  Marx  generator. 
The  maximum  charging  voltage  is  100  kV  and  the  stored  energy  is  36  kJ.  Typical  electron 
beam  parameters  is  400  keV  ,  28  kA  at  the  e-beam  diode  for  a  pulse  duration  of  500  ns.  The 
e-beam  is  injected  into  the  laser  gas  mixture  through  a  15  cm  high  -  100  cm  long  -  75  pm  thick 
aluminized  kapton  anode  foil  supported  by  a  steel  grid  whose  geometric  transparency  is  =90%. 
The  laser  cell  has  an  over-all  length  of  120  cm  and  a  cross  section  of  20x20  cm^ . 
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Output  HF  laser  performance  has  been  investigated  by  using  a  5  cm  diameter  optical  cavity 
made  of  10  m  radius  total  reflector  and  a  flat  CaF2  window.  The  optical  axis  is  located  at  3  cm 
from  the  anode  in  the  beam  transport  direction. 

3  -  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Experimental  results  has  been  obtained  by  using  only  one  electron  beam. 

A  pressure  transducer  was  used  to  infer  energy  deposition  from  the  increase  in  pressure  due  to 
electron  beam  heating  and  dissociating  of  the  pure  SFe  gas.  Figure  2  shows  the  energy 
deposited  in  SFg  for  three  different  values  of  the  diode  voltage. 


Pressure  (mb) 


Figure  2:  Energy  deposited  in  SFe  for  a  gas  chamber  length  of  20  cm 


In  our  investigation  we  found  that  an  increase  in  the  pressure  of  SFe  to  p~  500mb  increase  the 
energy  deposition  linearly.  For  higher  gas  density,  the  spatial  ionization  region  contracted  and 
the  energy  deposition  remain  constant.  This  optimum  value  of  the  energy  deposited  is  only 
about  one-third  to  one-half  of  the  energy  available  at  the  cathode  level.  In  SFe  the  e-beam  is 
locked  in  by  the  space  charge  and  a  large  amount  of  the  electron  energy  is  lost  in  the  work 
against  the  electric  space-charge  field. 

Laser  investigation  was  conducted  by  using  a  laser  cavity  of  5  cm  in  diameter  located  at  3  cm 
downstream  the  electron  beam  foil.  Laser  output  energy  dependence  on  the  H2  and  €2^6 
concentration  was  investigated  for  a  gas  mixture  with  a  constant  SFg  pressure  of  550  mb. 
Figure  3  shows  the  dependence  of  the  HF  laser  energy  on  the  H2  or  C2H6  partial  pressure.  The 
maximum  laser  energy  measured  is  7  J  with  a  H2  partial  pressure  included  between  8  and  70 
mb.  This  result  corresponds  to  a  specific  energy  output  of  4  J/1.  With  C2H6  the  energy  initially 
increases  rapidly  with  increasing  ethane  pressure  to  a  maximum  of  6  J  at  10  mb  ,  then  the 
energy  decreases  quickly  for  pressures  greater  than  20  mb. 


Figure  3:  HF  laser  energy  Vs  H2  or  C2H<  partial  pressure 

The  spatial  distribution  of  the  laser  radiation  was  measured  by  the  ‘  footprint’  left  on  thermal 
paper.  The  zone  with  the  maximum  output  energy  was  located  near  the  anode;  the  output 
energy  decreased  in  the  beam  transport  direction  in  agreement  with  measurements  on  the 
electron  beam  energy  absorbed  by  SFe . 

Tests  of  laser  fonctionning  using  the  two  electron  guns  pumping  mode  will  be  carried  out  in  a 
near  future  in  the  laboratory  using  all  the  active  volume  ( 20x20x100  cm^ ).  The  out  put  energy 
expected  in  this  configuration  has  been  evaluated  at  more  than  100  Joules  in  less  than  500  ns 
pulse  duration. 

For  optimizing  the  laser  fonctionning,  small-signal  gain  measurements  will  be  realized  on 
various  transitions  ( typically  P4,  Ps  on  3-2;  2-1;  1-0  bands). 
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Quantitative  chemical  analysis  of  the  HF  production  (ie  F-atom  )  in  the  product  gases  will  be 
performed  by  aqueous  titration  for  different  mixtures  and  for  different  gun  voltage. 
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ABSTRACT 

We  describe  results  of  experiments  on  optically  pumped  HF(0-2)  and  DF(0-3)  transitions  using  a  tunable  and  narrow¬ 
line  Cr^“‘':Forsterite  laser.  Cascade  lasing  transitions  on  2-1  band  of  HF  and  on  3-2  and  2-1  bands  of  DF  have  been 
obtained.  A  computer  modelling  on  DF  has  been  also  developed  in  conjunction  with  experiments  to  predict  and  compare 
the  results  obtained. 

Keywords:  mid-IR  lasers,  gas  lasers,  optical  pumping,  tunable  Cr'^^iForsterite  laser. 

1.  INTRODUCTION 

Optical  pumping  of  vibrational  transitions  in  molecules  is  a  convenient  mean  for  producing  laser  radiation  at 
wavelengths  that  solid-state  lasers  cannot  directly  generate,  especially  beyond  3  jim.The  hydrogen  and  deuterium  halide 
molecules  (HCl,  DF,  HBr)  are  of  interest  because  they  are  the  source  of  laser  lines  in  the  3-5  [am  regions.  Their 
wavelengths  are  well  suited  for  applications  that  require  long  range  beam  propagation  through  the  atmosphere. 

Recently,  tunable  nonlinear  optical  sources  driven  by  Nd;YAG  or  dye  lasers  have  been  used  to  pump  the  0-2  transitions  of 
hydrogen  and  deuterium  halide  lasers.  Energy  conversion  efficiencies  (output  energy  versus  absorbed  energy  )  ranging 
from  about  20  to  30%  have  been  obtained  Laser  effect  on  the  P(5)  line  of  the  DF(3-2)  transition  has  been  also  reported 
by  pumping  the  0-3  transition  with  a  Raman-shift  Alexandrite  laser 

In  this  type  of  laser  source,  a  short  laser  pulse  is  used  for  pumping  the  overtone  transitions  of  the  hydrogen  halide 
molecules  contained  in  a  gas  cell.  A  cascade  inversion  of  population  is  then  created  between  a  high  vibrational  level  (v  =  3 
or  2)  and  the  lower  impopulated  levels  resulting  in  the  emission  of  several  rovibrational  laser  lines  in  the  3-2  and  2-1  bands. 
Depending  upon  the  gas  and  the  pump  source  used,  various  spectral  regions  between  3  and  5  pm  can  be  covered. 
Nevertheless,  the  main  difficulty  is  to  fmd  the  appropriate  laser  source  for  pumping  the  discrete  and  narrow  lines  of  the 
overtone  transition.  At  the  moderate  pressures  (due  to  kinetics  effects)  generally  used  to  obtain  laser  action  in  hydrogen 
halide  molecules,  the  absorption  lines  present  a  very  narrow  linewidth  (<  1  GHz).  Therefore  the  pump  source  must  have  the 
same  narrow  spectral  properties  and  must  be  exactly  tuned  to  an  absorption  line  for  efficient  pumping. 

In  this  paper,  we  describe  results  of  e?q)eriments  on  optically  pumped  HF(0-2)  and  DF(0-3)  transitions  using  a  tunable  and 
narrow-line  Cr'^^iForsterite  laser. 


2.  OPTICAL  PUMPING  EXPERIMENTS 

2.1  Experimental  set-up 

The  overall  experimental  arrangement  is  shown  in  Fig.  1. The  C/^:Forsterite  crystal  was  23  mm  long  with  a  4x6  mm^ 
cross-section.  Its  end-faces  were  cut  at  Brewster  angle.  The  crystal  was  longitudinally  pumped  by  a  Q-switched  Nd:YAG 
laser  at  1.064  pm.  This  latter  produced  10  ns  pulses  with  an  energy  up  to  130  mJ  at  10  Hz  repetition  rate.  A  70  cm  focal 
length  lens  was  used  to  adapt  the  Nd:YAG  output  beam  to  the  crystal  dimensions.  The  wavelength  selection  was 
accomplished  by  passing  the  forsterite  laser  beam  through  three  dispersive  prisms  and  by  rotating  the  Umax  mirror.  In 
order  to  reduce  the  spectral  bandwidth  of  the  laser  emission,  two  Fabry-Perot  etalons  were  inserted  in  the  cavity.  The  first 
Fabry-Perot  (FPl)  and  second  one  (FP2)  were  respectively  0.2  mm  and  2  mm  thick;  both  were  50%  coated.  The  forsterite 
laser  cavity  length  was  65  cm.  The  narrow-line  radiation  produced  by  the  Cr'^^iforsterite  laser  was  then  coupled  into  the  gas 
cell  throu^  a  curved  (5  mcc)  dichroic  cavity  mirror  which  was  highly  transmissive  at  the  pump  wavelength  and  highly 
reflective  at  the  DF  lasing  wavelengths.  Two  stainless  steel  cells  equipped  with  CaF2  Brewster  windows  were  employed. 
The  HF  cell  was  15  cm  long,  and  the  DF  one,  50  cm.  A  ED- 100  A  Gentec  pyroelectric  detector  was  used  to  measure  the 
radiation  energy  and  a  fast  Ge:  Au  (SBRC)  detector  was  employed  to  monitor  the  temporal  behavior  of  the  laser  pulses.  A 
700  mm  monochromator  provided  with  a  300  grooves/mm  grating  blazed  at  3  [xm  and  coupled  to  a  Ge:Au  or  an  InSb 
detector  was  used  to  spectrally  resolve  the  emission  output. 
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2.2  Performances  of  the  Cr‘**:Forsterite  laser 

The  emission  spectrum  of  the  Cr'''*^:forsterite  laser  was  analysed  using  a  1.15  m  monochromator  coupled  to  a  Ge:Au 
detector.  The  monochromator  was  provided  with  a  1200  grooves/mm  grating  blazed  at  500  nm  which  allowed  wavelengths 
detection  up  to  1.4  urn.  The  forsterite  laser  was  smoothly  tunable  from  1.16  ^m  to  1.33  pm.  The  peak  of  the  tuning  range 
was  centered  at  1.25  pm.  A  maximum  laser  energy  of  13  mJ  per  pulse  was  obtained  at  1.25  pm  with  130  mJ  pump  energy 
into  the  crystal,  corresponding  to  a  10%  optical  conversion  efficiency.  The  bandwidth  of  the  forsterite  laser  was  typically 
20  A  (FWHM).  By  adding  the  first  Fabry-Perot,  the  bandwidth  was  reduced  to  0.6  A.  With  the  second  Fabry-Perot  the 
upper  limit  of  the  linewidth  was  estimated  to  be  0.06  A.  This  value  was  deduced  from  results  on  the  optical  pumping  of  a 
narrow  absorption  line  of  the  HF  molecule.  However,  the  addition  of  these  optics  reduced  the  efficiency  of  Ae  laser. 
Output  energy  decreased  and  pulse  duration  increased  at  wavelengths  where  the  gain  was  low.  Table  1  resumes  the 
performance  of  our  narrow-line  and  tunable  Cr'''^:forsterite  laser  for  the  pumping  wavelengths  of  the  0-2  and  0-3  HF  and  DF 
transitions,  respectively. 

2.3  Results  with  HF 

Due  to  its  strong  absorption  coefficient,  the  HF(0-2)  R(3)  line  was  detected  easily  by  absorption  measurements  (without 
the  Fabry-Perot).  At  10  Torr  HF  pressure,  with  the  prisms  and  the  two  Fabry-Perot  centered  on  this  line,  we  observed  a 
complete  absorption  of  the  pump  laser  beam  by  the  gas  cell  and  a  simultaneous  infrared  fluorescence  signal  around  2.8  pm. 
The  forsterite  energy  at  1.268  pm  was  6  mJ  in  a  50-70  ns  (FWHM)  pulse  duration  and  for  a  2  mm  beam  diameter.  Under 
these  conditions,  due  to  the  high  gain  produced  on  the  2-1  transition,  infrared  superfluorescence  was  detected  along  the 
axis  of  the  gas  cell  for  HF  pressures  ranging  from  1  to  100  Torr  which  was  the  maximum  value  used.  A  maximum 
superfluorescence  energy  of  250  pj  was  then  measured  without  any  mirrors  for  a  30  Torr  HF  pressure.  The  emission 
spectrum  observed  is  represented  in  Fig.2  with  also  the  energy  levels  involved.  Only  P  branch  lines,  P(3),  P(4),  P(5)  and 
P(6)  of  the  2-1  transition  around  2.8  pm  were  observed.  The  strongest  was  the  P(5)  which  emanates  from  the  pumped  level 
(v=2,  j=4).  At  pressures  higher  than  10  Torr,  temporal  analysis  of  the  lines  shows  that  the  P(3),  P(4)  and  P(5)  lines  are 
nearly  coincident  in  time  with  the  peak  of  the  pump  pulse.  The  P(6)  line  appears  about  10  ns  after.  This  behavior  indicates 
that  the  rotational  relaxation  is  very  fast  and  termalizes  the  populations  according  to  the  Boltzmann  statistics. 

2.4  Results  with  DF 

For  these  experiments,  the  Cr'’'":forsterite  laser  output  was  tuned  to  the  P(3)  line  of  the  DF(0-3)  transition  at  1.193  pm. 
The  50  cm  long  gas  cell  was  used.  Due  to  the  low  absorption  cross-section  of  this  line,  it  was  not  possible  to  locate  it  on  the 
monochromator  by  absorption  measurements  as  previously  for  the  HF  absorption  line.  Lasing  action  was  directly  searched 
and  obtained  with  10  Torr  of  DF  by  scanning  the  spectral  region  around  the  calculated  position  of  the  P(3)  line.  The 
forsterite  laser  energy  was  3  mJ  in  a  70  ns  (FWHM)  pulse  duration.The  experiments  described  thereafter  were  performed 
with  a  95%  output  coupler  that  reflected  in  addition  80%  of  the  pump  beam  into  the  DF  gas  cell.  Under  these  conditions 
the  DF  laser  emission  was  analysed  for  pressmes  ranging  from  3  to  50  Torr.  Between  3  and  6  Torr,  we  have  observed  a 
cascading  laser  emission  on  the  3-2  and  2-1  transitions.  Between  3.64  pm  and  3.85  pm  several  laser  lines  are  emitted 
simultaneously.  Fig.3  shows  the  spectrum  obtained  at  a  pressure  of  5  Torr.  The  laser  lines  are  the  P(3),  P(4),  P(5)  and  P(6) 
of  the  3-2  band  and  the  P(3),  P(4)  and  P(5)  of  the  2-1  band.  At  low  pressure,  the  P(3)  line  of  the  3-2  band  emanating  from 
the  j=2  pumped  level  is  always  the  most  intense.  Its  build-up  time  with  respect  to  the  peak  of  the  pump  pulse  is  20  ns.  The 
other  lines  occur  about  100  ns  after.  Fig.4  shows  the  temporal  behavior  of  the  pump  and  DF  laser  pulses  at  5  Torr.  It  is 
clear  that  there  is  a  transient  nonequilibrium  between  the  rotational  levels.The  energy  emitted  by  the  DF  laser  lines  was 
about  10  pj.  When  the  pressure  increases,  the  laser  emission  on  the  2-1  band  disappears  and  the  relative  intensities  of  the  P 
lines  of  the  3-2  band  are  modified  according  to  the  Boltzmann  distribution.  P(4)  and  P(5)  lines  tend  to  dominate.  DF  lasing 
action  has  been  observed  up  to  50  Torr  but  the  laser  intensity  was  about  ten  times  lower  than  at  5  Torr  pressure. 

3.  DF  MODELLING 

A  computer  modelling  which  includes  the  thermochemical,  spectroscopic  and  kinetics  properties  of  the  DF  molecule 
was  constructed  for  simulating  the  optical  pumping  of  the  0-3  transition.  This  model  calculates  for  each  P  rotational 
transition  (j=l  to  15)  of  the  3-2  and  2-1  bands,  the  gain  and  the  laser  intensity  as  a  function  of  the  DF  pressure,  the 
temperature  in  the  gas  cell  and  the  pump  intensity.  It  includes  the  V-T  relaxation  and  V-V  exchange  (Av=  ±1)  processes 
and  line  broadening  parameters  based  on  values  given  in  the  literature  The  first  seven  vibrational  levels  are  considered. 
In  order  to  limit  the  number  of  differential  equations  and  the  computation  time  we  assumed  that  the  rotational  populations 
are  distributed  following  the  Boltzmann  law.  The  spatial  dependence  of  the  absorption  process  is  also  neglected,  'f  his  is 
justified  since  the  laser  intensity  does  not  change  appreciably  over  the  length  of  the  cell  due  to  the  low  absoiption. 
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Fig.5  shows  the  evolution  of  the  calculated  DF  laser  energy  output  as  a  function  of  the  pressure  for  operating  conditions 
similar  to  those  of  the  experiment.  The  DF  laser  energy  is  maximal  around  4-8  Torr  and  falls  down  rapidly  with  the 
increase  of  the  pressure  which  reduces  the  gain  on  the  rotational  lines  by  collisional  effect.  For  a  2  mm  pump  beam 
diameter,  the  theoretical  maximum  energy  is  about  15  fxJ  close  to  the  experimental  value  of  10 

The  model  predicts  that  at  pressures  where  the  gain  is  maximum  (4  to  8  Torr),  lasing  action  occurs  in  cascade  on  the  3-2 
and  2-1  bands  and  that  at  higher  pressures  laser  effect  only  occurs  on  the  3-2  band.  These  theoretical  results  are  in  good 
agreement  with  the  experimental  observations.  However,  our  modelling  is  not  able  to  describe  correctly  the  temporal 
evolution  of  the  individual  laser  lines  because  it  does  not  take  into  accormt  the  rotational  relaxation  processes.  Fig.6  shows 
the  evolution  of  the  predicted  DF  laser  energy  as  a  function  of  the  pressure  for  a  higher  theoretical  pump  intensity.  For 
lOmJ  pump  energy  in  a  10  ns  pulse  duration,  the  calculated  DF  laser  energy  is  about  160  nJ  near  3.8  pm  at  5  Torr,  The 
theoretical  efficiency  is  1.6%  which  corresponds  taking  into  account  the  5.8%  absorption  at  5  Torr  to  a  conversion 
efficiency  around  27%. 


4.  CONCLUSIONS 

We  have  developed  a  narrow-line  and  tunable  Cr'''^:forsterite  laser  to  pump  the  discrete  lines  of  the  HF  and  DF  overtone 
transitions.  We  then  have  studied  experimentally  the  HF  and  DF  optical  pumping.  We  have  demonstrated  cascading  laser 
emission  on  the  3-2  and  2-1  bands  of  DF  at  pressures  ranging  from  3  to  6  Torr.  Seven  laser  lines  have  been  generated 
between  3.64  pm  and  3.85  pm  with  an  output  energy  of  10  pj.  The  experimental  DF  laser  results  have  been  reasonably 
well  reproduced  by  the  computer  simulations.  An  other  issue  is  that  rotational  and  vibrational  relaxation  processes  play  an 
important  role  in  the  laser  performance. 
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Fig.2:  Spectrum  of  the  infrared  superfluorescence  of  HF(2-1)  at  30  Torr  pressure  in  the  15  cm  gas  cell.  Involved  energy 
levels. 


Fig.3 :  Spectrum  of  the  DF(3-2)  and  DF(2-1)  laser  emission  at  5  Torr  pressure  in  the  50  cm  gas  cell.  Involved  energy 
levels. 


Energy: 

1.268  (un  R(3)  line  of  HF{0-2) 

6mJ 

1.193  Jim  P(3)  line  of  DF(0-3) 

3  mJ 

Beam  diameter 

2  mm 

Pulse  duration  (FWHM) 

50-70  ns 

Linewidth(FWHM) 

0.06  A 

Table  1:  Performances  of  the  forsterite  laser  at  the  HF  and  DF  pumping  wavelengths,  with  the  prisms  and  the  Fabry-Perot 
etalons. 
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Fig.4:  Delay  between  the  forsterite  pump  pulse 
and  the  DF  laser  one, 

P  =  5  Torr,  100  ns/div. 


O  0  5  10  15  20  25  30 


DF  pressure  (Torr) 


Fig.5:Theoretical  evolution  of  the  DF  laser  energy  density 
a  function  of  DF  pressure  for  conditions  similar  to  the 
experimental  ones. 

Pump  energy  =  3  mJ  -  70  ns  -  ([)  =  2  mm 
R1  =  99%  R2  -  95%  L  =  50  cm 


Fig.6:  Theoretical  evolution  of  the  DF  laser  energy  density 
as  a  function  of  DF  pressure. 

Pump  energy:  10  MW/cm^  en  10  ns 
Rl=99%  R2=80%  L=50  cm 


Performance  and  spectral  characteristics  of  sliding-discharge  excited  UV-IR  laser 
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ABSTRACT 

A  sliding-discharge  excited  SF6:propane-butane:N2  laser  emitting  simultaneously  in  the  UV  and  IR  region  is  investigated 
experimentally.  The  shapes  of  the  voltage,  current  and  laser  (UV  and  IR)  pulses  are  obtained  and  shown  in  their  sequence. 
The  IR  laser  spectrum  consisting  of  more  than  20  separated  lines  is  registered  and  their  intensity  redistribution  is  found 
out  when  the  N2  pressure  increased. 

Keywords:  sliding  discharge;  gas  laser;  chemical  laser;  nitrogen  laser;  UV  and  IR  emission. 


1.  INTRODUCTION 

The  HF  lasers,  emitting  in  the  2. 5-^3. 5  pm  spectral  range,  are  promising  sources  for  such  applications  as  an 
ecological  monitoring,  delicate  surgeiy,  spectroscopy,  investigation  of  semiconductor  structures,  etc.^'^  The  prevalent 
ecologically  important  substances  and  compounds  have  absorption  spectra  lying  in  the  UV  and  IR  spectral  regions.  So,  it  is 
of  great  practical  interest  to  develop  compact,  liigh  power  and  low  divergence  pulsed  lasers  providing  simultaneous 
emission  in  the  UV  and  IR  range. 

Discharge  sliding  along  the  surface  of  a  dielectric  has  been  previously  used  as  a  preioniser'*,  plasma  electrode^  and 
for  direct  laser  pumping.^  ^  The  sliding-discharge  excited  lasers  posses  such  advantages  as  low  divergence,  uniformity  and 
possibility  to  work  at  liigh  repetition  rates. ^  Recently,  a  work  is  reported  ^  in  tliat  simultaneous  UV  and  IR  emission  is 
achieved  in  sliding-discharge  excited  laser  using  SF6:propane-butane:N2  mixture. 

In  tliis  work  we  report  on  the  study  of  the  energy,  spectral,  and  temporal  characteristics  of  the  UV-IR  laser. 


2.  EXPERIMENTAL  LAYOUT 

In  order  to  enhance  tlie  UV-  part  of  laser  output,  as  well  as  to  minimise  the  formation  of  arcs  a  steep  discharge¬ 
leading-edge  is  required.  With  regard  to  this,  a  charge-transfer  electric  circuit  is  used  in  our  experiments.  Its  scheme  is 


Figure  1.  Cross  section  of  the  laser  channel  with  the 
electrical  excitation  circuit. 


shown  in  Fig.  1.  The  head  of  the  UV-IR  laser  is  vacuum 
tight  Plexiglas  chamber  containing  the  1.5  mm  thick  epoxy¬ 
fiberglass  circuit  board  (dielectric  constant  s=5)  witli  copper 
electrodes  2.6  cm  apart.  The  values  of  the  main  capacitor 
Cm  and  tlie  peak  one  Cp  are  18  nF  and  6  nF,  respectively. 
The  maximum  charging  voltage  for  free  of  arcs  discharge  is 
25  kV. 

The  laser  active  area  is  (2.6x26)  cm^.  The  chamber 
has  two  CaF2  windows  mounted  at  Brewster  angle  for  the 
horizontal  polarisation.  The  non  selective  and  non 
optimised  optical  cavity  is  formed  by  a  flat  gold-coated  total 
reflector  and  BaF2  flat  output  coupler.  The  active  laser 
medium  consists  of  SF6:propane-butane:N2  (71%:5%:24%) 
mixture  flowing  continuously  through  the  laser  chamber. 
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The  output  energy  measurements  are  performed  using  PRJ-D  (GenTec)  energy-meter  equipped  with  ED-200 
pyroelectric  probe.  The  temporal  parameters  are  monitored  by  a  Tektronix-406  storage  oscilloscope  and  a  2  ns  resolution 
fast  photodiodes  (p-i-n  and  avalanche  "Radec"  for  UV  and  IR,  respectively).  The  spectral  characteristics  are  followed  by 
SPM-2  monochromator  (Carl  Zeiss  Jena)  with  an  LiF2  82°  prism. 

3.  RESULTS  AND  DISCUSSION 


The  experimental  results  for  the  dependence  of  the  UV  and  IR  output  energies  on  the  N2  and  propane-butane 
pressure  are  shown  in  Fig.  2  (a)  and  (b),  respectively.  The  maximum  output  energy  achieved  for  the  UV  radiation  is  1.1  mJ. 
The  addition  of  nitrogen  to  the  SFg  ;propane-butane  mixture  decreases  tlie  IR  pulse  energy  from  80  mJ  without  N2  to  less 
than  20  mJ  at  optimum  for  the  UV  generation  conditions.  This  behaviour  is  logical,  since  the  optimum  average  electron 
energy  for  the  HF  laser  is  about  3.1  eV  (the  dissociation  energy  for  the  SFe  molecule)®  and  the  excitation  energy  of  the 
C^riu  state  of  the  N2  molecule  is  about  1 1  eV.  This  means  tliat  the  optimal  discharge  conditions  for  the  N2  generations  are 
different  from  those  of  tire  HF  generation.  The  UV  output  energy  increases  slightly  when  small  amount  of  propane-butane 
is  added  to  tlie  N2:SF6  mixture.  One  possible  explanation  of  this  effect  can  be  the  improved  discharge  uniformity. 


The  voltage  and  current  pulse  shapes,  as  well  as  the  temporal  shapes  of  botli  N2  and  HF  laser  pulses  are  presented 


Figure  2.  Dependence  of  the  UV  an  IR  output  energy  on 
tlie  N2  (a)  and  propane  -  butane  (b)  pressure. 


in  Fig.  3.  The  voltage  shape  has  a  typical  pulsing  form  witli 
three  fading  main  peaks  and  rise  time  of  30  ns.  The  first 
peak  duration  is  58  ns  (FWHM)  and  the  entire  pulse 
duration  is  about  100  ns  at  tlie  0.1  of  maximum  level.  The 
current  pulse  appears  after  about  30  ns,  compared  to  the 
voltage  one. 

The  N2  laser  pulse  appears  first  at  the  current 
leading  edge  and  is  12  ns  long  (FWHM),  while  the  HF  one 
arises  witli  about  40  ns  delay  and  is  35  ns  long  (FWHM) 
(100  ns  at  the  0.1  level  of  the  maximum).  It  corresponds  to 
the  maximum  pulsed  power  of  about  2  MW  for  the  pure  HF 
laser  operation  (witliout  N2). 

The  HF  pulse  duration  is  not  affected  considerably 
when  discharge  or  pressure  conditions  are  varied.  The 
variation  of  N2  pressure,  for  example,  from  0  to  30  mbar 
causes  a  decrease  of  HF  pulse  width  of  only  about  5  ns,  while 
the  HF  output  energy  drops  drastically  (see  Fig.2  a).However 
tlie  HF-pulse  shape  evolves  significantly,  for  the  same  N2 
pressure  variation.  The  reasons  of  the  mentioned  HF-shape 
redistribution  are  not  clarified  yet. 

Considerable  changes  in  HF  emission  spectrum  are 
observed  as  a  result  of  the  HF  pulse  shape  r^istribution 
discussed  above.  Figure  4  presents  the  spectra  of  HF  laser 
with  20  mbar  N2  in  the  chamber  (a)  and  without  N2  (b). 
More  than  20  separate  spectral  lines  are  registered  in  the 
2.6-3. 1  pm  spectral  range.  One  can  see  that  tlie  addition  of 
the  N2  causes  also  a  spectral  redistribution.  For  example, 
only  amount  of  5  mbar  N2  causes  significant  decrease  of  the 
2.64  pm-line  intensity.  This  line  disappears  when  tlie  N2 
pressure  reaches  20  mbar  (i.e.,  2.4%).  As  a  rule,  tlie 
intensity  of  all  lines  decreases  when  the  N2-pressure  raises, 
but  the  factor  of  this  decreasing  is  different.  Some  of  tlie 
lines,  such  as  2.9529  pm  and  2.9542  pm,  as  well  as  3.0628 
pm  and  3.0644  pm  are  very  close  one  to  another  and  tlie 
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monochromator  s  spectral  resolution  is  not  enough  to  separate  tliem.  So,  tlieir  common  intensity  is  given  in  Fig.  4. 
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Figure  3.  Waveforms  of  voltage,  current  and  laser  Figure  4.  IR  laser  spectra. 

Piilses.  a,  -  without  N2;  b,  -  with  20  mbar  N2. 

A  feature  of  the  UV-IR  laser  described  is  also  the  fact  tliat  the  time  duration  of  the  separate  lines  is  only  slightly 
shorter  compared  to  tlie  duration  of  tlie  entire  pulse  i.e.,  during  the  HF  pulse  practically  all  lines  oscillate.  More  detailed 
investigation  of  tlie  emission  spectrum  of  the  UV-IR  laser  will  be  made  in  next  experiments. 

4.  CONCLUSIONS 

A  sliding-discharge  excited  SF6:propane-butane:N2  laser  emitting  simultaneously  in  the  UV  and  IR  is  investigated 
experimentally. 

The  shapes  of  the  voltage,  current,  and  laser  (UV  and  IR)  pulses  are  obtained  and  shown  in  their  sequence.  It  is 
found  that  tlie  N2-pulse  appears  first  at  the  current  leading  edge  and  tlie  HF  pulse  appears  with  about  40  ns  delay  after  N2 
one.  The  HF  pulse  widtli  of  35  ns  (FWHM)  and  maximum  pulsed  power  of  2  MW  are  achieved.  The  time  duration  of  tlie 
separate  lines  is  only  slightly  shorter  than  this  of  the  entire  pulse,  i.e.,  during  the  HF  pulse  practically  all  lines  oscillate. 

The  laser  spectrum  consisting  of  more  tlian  20  IR  separated  lines  is  registered  and  an  intensity  redistribution  is 
found  out  when  the  N2  pressure  increased.  The  realisation  of  a  tunable  UV-IR  emission  will  be  an  object  of  forthcoming 
work. 

5.  ACKNOWLEDGMENTS 

Tliis  work  is  supported  financially  by  the  Bulgarian  National  Science  Fund  under  contract  F-434.  The  authors  are 
very  grateful  to  Dr.  G.  V.  Kolarov  for  the  helpful  collaboration. 


6.  REFERENCES 

1.  M.L.  Wolbarsht,  "Laser  Surgery:  CO2  or  HF",  lEEEJ.  Quantum  Electron.  Vol.  QE-20,  p.  1427,  1984. 

2.  A. A.  Serafetinides,  "Improved  performance  of  TEA  HF  lasers  suitable  for  delicate  surgery”,  private 
communication,  1989. 


596 


3.  C.V.  Hatch,  “A  compact  resistive  electrode  HF  laser  suitable  for  optical  studies  of  semiconductors”,  J.  Phys,  E:  Sci, 
Instrum,  Vol.  13,  p.  589,  1980. 

4.  G.  Wlodarczyk,  ”A  photo-preionised  atmospheric  pressure  HF  laser"  IEEE  J,  Quantum  Electron.  Vol.  E-14,  p. 
768, 1978. 

5.  D.Yu.Zaroslov,  G.P.Kuz'min  and  V.F.Tarasenko,  "Sliding  discharge  in  CO2  and  eximer  lasers",  Radio  Eng. 
Electr.  Phys.  Vol.  29,  p.  1,  1984. 

6.  P.P.Branzalov,  B.O.Zikrin,  N.V.Karlov,  I.O.Kovalev,  A.V.Korablev,  G.P.Kuz^min  and  V.F.Perov,  “UV  nitrogen 
laser  excited  by  sliding  discharge”  Sov.Tech.Phys.Lett.,  Vol.  14,  p.  419,  1988. 

7.  P.A.Atanasov  and  A.A.Serafetinides,"TEA  gas  lasers  excited  by  a  sliding  discharge  along  the  surface  of  a 
dielectric",  Opt.Commun.,  Vol.72,  p.  356,  1989. 

8.  P.A.Atanasov  and  K.A.Grozdanov,  "Simultaneous  ultraviolet  and  infrared  emission  in  a  sliding-discharge  excited 
laser", /jE'EE'y.  Quantum  Electron.,  Vol.  32,  p.  1122,  1996. 

9.  B.K.  Deka  and  P.E  Dyer,  “Mode  control  and  perfonnance  studies  of  a  pulsed  unstable  resonator  HF/DF  laser”, 
lEEEJ.  Quantum  Electron.  Vol.  QE-14,  p.  661,  1978. 


597 


Computer  modelling  of  the  pulsed  DF-HBr  optical  resonance  transfer  laser  (ORTL) 

M.  A.  Azarov,  V.  A.  Iskhakov,  V.  I.  Mashendzhinov,  V.  E.  Revich  and  A.  P.  Vorobjev 
Russian  Scientific  Centre  ‘Applied  Chemistry” 

14,  Dobrolubov  Av.,  St.  Petersburg,  197198,  Russia 
Tel:  (812)  238-94-48,  Fax:  (812)  238-92-51,  E-mail:  rotinian@sovam.com 

ABSTRACT 

The  aim  of  the  present  investigation  is  to  forecast  a  principle  opportunity  of  a  pulsed  DF  to  HBr  laser  frequency  conver¬ 
sion  and  to  evaluate  an  efficiency  of  that  process.  Computer  modelling  of  the  pulsed  DF-HBr  optical  resonance  transfer  laser 
(DF-HBr  ORTL)  is  performed  and  output  characteristics  of  the  system  are  predicted.  The  ORTL  gas  mixture  contained  DF  at 
10  Torr,  HBr  at  10  Ton*  and  He  at  100  Torr.  It  was  considered  as  a  multiline  pumping.  The  pump  radiation  flux  was  varied 
from  0.02  to  2  J/cm^.  Depending  on  conditions  the  length  of  an  ORTL  gas  media  must  be  between  2  and  30  cm  at  using  the 
longitudinal  pump  geometry.  When  DF-HBr  gas  mixture  is  pumped  by  a  pulsed  flash-initiated  chemical  DF  laser,  it  is  feasible 
to  produce  HBr  lasing  with  a  specific  output  energy  over  100  mJ/cm^  and  efficiency  of  40  %  relative  to  absorbed  radiation 
energy.  When  used  for  pumping,  a  pulsed  electrical  discharge  chemical  DF  laser  can  provide  HBr  lasing  with  specific  energy 
up  to  20  mJ/cm^  and  efficiency  up  to  25  %.  Therefore  one  will  anticipate  that  a  highly  efficient  laser  system  of  the  4.2  -  5.2 
jLun  spectral  region  can  be  developed. 

Key  words:  chemical  laser,  pulsed  laser,  optical  pumped  laser,  HF,  DF,  HBr,  ORTL,  optical  resonance  pumping,  com¬ 
puter  modelling. 

1.  INTRODUCTION 

Laser  systems  operating  on  the  HF  or  DF  molecules  have  shown  the  highest  energetic  performances  among  all  of  the 
chemical  lasers.^  At  present  a  flash  initiated  chain  chemical  laser  and  an  electrical  discharge  nonchain  chemical  laser  are  the 
most  technologically  advanced  pulsed  chemical  laser  devices.  Existing  flash  initiated  chain  chemical  lasers  make  available  to 
produce  single  laser  pulses  with  several  kilojoules  of  energy.^  Pulsed  discharge  chemical  lasers  produce  up  to  several  hun¬ 
dreds  millijoules  per  pulse  at  the  repetition  rates  up  to  several  hundreds  of  pulses  per  second.^  At  present  developed  closed 
gas  cycle  devices  allow  the  discharge  lasers  to  operate  in  such  mode  for  a  long  period  of  duration  (about  1  hour  at  repetition 
rate  of  100  pulses  per  second^).  However  a  spectral  range  of  the  considered  lasers  is  bounded  over  two  wave  bands:  A.hf^2.6  - 
3.5  pm  and  A,df^3.5  -  4.2  pm  (up  to  5  pm  under  particular  conditions).^’  ^  It  is  possible  to  expand  or  shift  a  spectral  range  of 
the  laser  radiation  to  longer  wavelengths  by  means  of  the  optical  resonance  transfer  laser  method."^ 

Pulsed  HF  or  DF  ORTL  were  investigated  both  theoretically  and  experimentally."^’  ^  At  optical  resonance  pumping  a  partial 
inversion  can  be  achieved  on  some  vibrational-rotational  levels  with  higher  rotational  quantum  numbers  J  than  those  of  the 
pump.  Therefore  the  lasing  spectrum  of  these  systems  was  red-shifted  as  compared  with  the  pump  spectrum.  However  the 
shift  was  relatively  small.  Significantly  more  extending  laser  spectrum  can  be  produced  in  systems  with  a  V-V  energy  transfer 
from  absorbing  to  lasing  molecules. 

One  of  these  systems  is  ORTL  with  DF  molecules  to  be  pumped  and  HBr  molecules  to  lase  (DF-HBr  ORTL).  The  HBr 
lasing  have  been  produced  by  a  pulsed  chemical  laser.^’  ^  However  these  systems  have  relatively  low  performance,  and  the 
closed  cycle  gas  devices  are  not  developed  for  them  yet.  Therefore  the  DF-HBr  ORTL  with  pumping  by  the  pulsed  chemical 
DF  laser  may  be  preferable.  Moreover  the  DF-HBr  ORTL  can  in  principle  operate  in  the  3.5  -  4.6  pm  wavelength  region  due 
to  simultaneous  DF  and  HBr  lasing. 

A  literature  information  on  investigations  of  the  pulsed  DF-HBr  ORTL  is  not  available.  Yet  the  DF-HBr  ORTL  pumped 
with  a  continuous  wave  (CW)  DF  chemical  laser  was  described.^  Recently  a  pulsed  mode  DF  ORTL  has  been  obtained  with  a 
high  conversion  efficiency  of  a  pumping  energy  (about  37%).^  Also  it  has  been  reported  about  the  pulsed  HBr  lasing  due  to 
solid  state  laser  pumping  with  overtone  band  transitions.^  Therefore  one  will  anticipate  that  a  pulsed  DF-HBr  ORTL  can  be 
developed.  A  high  conversion  efficiency  may  be  expected  due  to  nearly  resonance  coupling  of  vibrational  levels  of  DF  and 
HBr. 

The  present  investigation  was  aimed  to  forecast  a  principle  opportunity  of  a  pulsed  DF  to  HBr  laser  frequency  conversion 
and  evaluate  an  efficiency  of  that  process.  A  theoretical  simulation  DF-HBr  ORTL  is  reported  for  the  first  time,  though  simi¬ 
lar  theoretical  studies  were  early  carried  out  for  the  pulsed  HF  and  HF-DF  ORTL."^’ 
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2.  ORTL  MODEL 


The  following  processes  were  included  in  the  computer  model  of  the  pulsed  DF-HBr  ORTL:  resonance  optical  pumping; 
vibrational-vibrational,  vibrational-translational,  and  rotational  relaxation;  and  lasing.  Gas  mixture  of  the  ORTL  cavity  was 
considered  to  consist  of  DF,  HBr  and  some  diluting  gas  such  as  Fie.  In  the  modelling  of  vibrational  relaxation  kinetic  all  the 
vibrational  molecular  levels  were  taken  into  consideration.  The  rotational  structure  ranging  at  30  sublevels  was  taken  into  ac¬ 
count  only  for  the  first  five  vibrational  levels.  Optical  transitions  between  these  vibrational-rotational  terms  were  considered  at 
pumping  (in  DF  molecules)  and  lasing  (in  DF  and  HBr  molecules).  Such  description  of  the  processes  is  analogous  with  one, 
which  was  used  to  model  the  HF  dissociation  at  resonance  optical  pumping."  The  rotational  relaxation  rate  was  set  to  be  pro¬ 
portional  to  the  deviation  of  the  rotational  sublevel  population  from  one,  which  appropriate  to  a  thermal  rotational  distribu¬ 
tion.  Such  an  approach  to  describe  a  rotational  relaxation  corresponds  with  the  model  "of  strong  collisions"  used  to  simulate 
CW  HF  ORTL.'^ 

In  the  optically  thin  layer  approximation  the  mathematical  model  of  ORTL  is  reduced  to  a  system  of  ordinary  differential 
equations  for  vibrational  and  rotational  populations  and  radiation  densities.  The  lasing  is  defined  by  nonstationary  equations 
for  average  radiation  density  in  the  optical  cavity." 

An  important  feature  of  the  model  is  that  the  task  has  been  divided  into  two  independent  parts.  In  the  first  part  the  model¬ 
ling  of  DF  pumping  and  lasing  was  performed  taking  into  consideration  the  DF-HBr  V-V  energy  exchange.  In  the  second  part 
the  modelling  of  the  HBr  lasing  taking  place  for  a  reason  of  the  same  V-V  transfer  was  conducted.  The  advantage  of  such 
approach  is  to  enable  us  to  make  an  independent  study  of  problems  concerning  absorption  of  the  pump  radiation  and  the  HBr 
lasing,  and  to  simplify  the  computer  program. 

Unfortunately  the  information  available  on  elementary  processes  in  the  system  considered  is  rather  incomplete.  Therefore 
we  had  to  use  some  assumptions  and  analogies.  In  the  modelling  a  considerable  attention  was  focused  on  possibly  complete 
use  of  all  known  experimental  data  on  elementary  processes.  In  the  lack  of  suitable  data  the  constants  and  the  coefficients  for 
HBr  were  assumed  to  be  the  same  as  for  DF,  and  for  DF  as  for  HF. 

The  Einstein  coefficients  for  DF  were  taken  out  from  handbook',  and  for  HBr  were  calculated  on  the  basis  of  published 
data.''*’  The  spectral  line  profile  was  approximated  by  the  Voigt  function.  The  collision  broading  data  for  DF  and  HBr  were 
found  in  the  literature  sources  and  respectively. 


The  resonance  optical  pumping  allows  a  deposition  of  extremely  high  pump  energy  densities  into  vibrational  mode  of  the 
absorbed  molecule.^' As  a  consequence,  one  may  obtain  a  very  strong  excitation  of  the  molecules.  Yet  little  is  known  on  the 
behaviour  of  highly  exited  molecules  and  a  special  attention  must  be  given  to  this  problem.  We  used  the  results  of  the  ex¬ 
perimental  investigation^"  in  which  the  channels  of  V-T  and  V-V  relaxation  processes  in  the  HF  molecule  have  been  divided 
as  well  as  the  experimental  data^'  on  relaxation  of  the  high  vibrational  levels  of  DF.  Ac¬ 


cordingly  a  very  abrupt  dependence  on  the  vibrational  level  number  was  assumed  for  the 
V-T  relaxation  rates  in  the  ORTL  model.  The  rate  coefficients  for  DF  and  HBr  were  taken 
to  be  proportional  to  V“  where  a  was  varied  between  2.1  and  3.6  for  different  vibrational 
numbers  V.  If  we  had  used  traditionally  a  harmonic  oscillator  approximation  to  treat  the 
vibrational  relaxation  we  would  have  over-estimated  the  ORTL  calculated  output  by  rea¬ 
son  of  a=l.  The  rate  coefficient  for  the  intramode  V-V  energy  exchange  was  represented 
by  the  equation  that  had  been  proposed  in  the  theoretical  paper".  This  formula  has  a  power 
function  dependence  on  V  and  an  exponential  dependence  on  the  vibrational  energy  de¬ 


fect.  The  power  of  3.8  was  chosen  to  meet  the  requirements  of  the  V-V  energy  exchange 
data  of  HF.“  The  exponential  dependence  parameter  was  determined  from  empirical  corre¬ 
lation  between  a  V-V  exchange  probability  of  hydrogen  halides  and  energy  defect.^^ 

The  temperature  dependencies  and  the  absolute  magnitudes  of  vibrational  relaxation 
rate  coefficients  were  set  on  the  basis  of  the  published  data.'’  The  rotational  relaxation 
both  DF  and  HBr  was  treated  by  an  identical  way,  as  it  was  done  in  the  paper'^  using  HF 
data. 


3.  RESULTS  OF  MODELLING 
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The  absorption  of  pump  radiation  of  the  chemical  DF  laser  by  working  gas  mixture  in  Fig.  1.  The  specific  absorbed 
the  DF-HBr  ORTL  cavity  was  calculated  under  the  following  conditions.  The  ORTL  gas  energy  as  a  function  Of  the 
mixture  contained  DF  at  10  Torr,  He  at  100  Torr  and  HBr  at  the  partial  pressure  Phb,  var-  pump  energy  density. 
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ied  between  0  and  10  Ton*.  It  has  been  considered  a  multiline  pumping  with  the  rectangular  pulse  of  radiation.  The  pulse  du¬ 
ration  Tpump  had  a  series  of  values:  0.15,  0.25  and  2.5  ps.  The  first  two  are  the  characteristic  of  a  discharge  chemical  laser,  and 


0  100  200  300 
Ej^,  J/cm^ 


Fig.  2.  Characteristics  of  ORTL  as  a 
ftinction  of  the  specific  input  energy: 

Eout  is  the  specific  output  energy;  p  is 
the  efficiency;  tad  is  the  delay  time  of 


the  last  magnitude  is  typical  for  a  flash-initiated  one.  The  pump  radiation  flux 
was  varied  between  0.02  and  2  J/cml  The  pump  spectrum  consisted  of  9  lines 
with  identical  intensities.  These  were  P  (6),  P  (7)  and  P  (8)  transitions  in  the  first 
three  fundamental  bands  of  DF. 

According  to  the  simulation  results  a  dependence  of  the  radiation  absorption 
on  the  HBr  added  quantity  can  be  ignored  at  pner^lO  Torr  (Fig.  1).  The  specific 
absorbed  energy  can  be  as  high  as  several  tens  or  hundreds  of  millijoules  per  1 
cm^  of  the  ORTL  working  gas  media  volume  for  the  pumping  by  discharge 
('rpump~0-25  ps)  or  flash  (TpujnpS5^2.5  ps)  initiated  chemical  laser,  respectively.  The 
ratio  Epu,„/Eabs,  where  Ep^m  is  the  incident  energy  per  1  cm“,  and  Eabs  is  the  ab¬ 
sorbed  energy  per  1  cm^,  allows  to  roughly  evaluate  the  distance  where  the  pump 
radiation  is  completely  absorbed.  The  optical  path  sufficient  for  the  radiation 
absorption  at  Epi„n=0.2  -  2  J/cm^  was  estimated  to  be  between  2  and  4  cm  at 
^pump^^*  5  ps  and  between  10  and  30  cm  at  Tpump«0.25  ps.  These  data  indicate  that 
a  longitudinal  pumping  of  the  ORTL  media  can  be  carried  out  while  the  pump 
flux  is  directed  under  a  small  angle  with  the  resonator  optical  axis.^ 

The  calculation  of  DF-HBr  ORTL  operation  was  carried  out  at  the  input  en¬ 
ergy  Ei„  up  to  300  mJ/cm^  (Fig.  2).  In  the  absence  of  the  DF  lasing  the  input 
parameter  Ei„  equals  to  the  absorbed  energy  Eabs-  The  pump  pulse  duration 
(T^pump^2.5  ps)  has  practically  no  influence  on  energetic  performances  of  the  HBr 
lasing,  but  affects  significantly  the  HBr  lasing  pulse  duration  at  a  relatively  low 
pumping  energy  (Eabs<100  mJ/cm^). 

The  HBr  lasing  appears  at  rather  moderate  contributions  of  the  pumping  en¬ 
ergy:^  20  -  50  mJ/cm*"  (Fig.  2).  The  input  results  from  a  low  pump  flux:  Epuni<0.1 
J/cm"  (Fig.  1).  The  figures  show  the  results,  which  have  been  performed  at  the 
following  parameters:  Phbp^IO  Torr,  Tpump=2.5  ps  and  K,=  10'^  cm'^  where  K,.  is 
a  coefficient  of  optical  cavity  losses.  The  DF-HBr  ORTL  had  shown  no  critical 
dependence  on  the  cavity  losses  because  of  a  high  gain  of  the  laser  media.  The 
variation  of  K,  from  10’^  to  I0‘“  cm"’  causes  a  minor  increase  of  the  lasing 
threshold  pumping  and  a  small  decrease  of  the  output  of  the  pump  energy,  which 
is  well^  over  the  threshold.  The  threshold  value  of  Ei„  is  shifted  from  20  to  30 
mJ/cm^  yet  at  Ein=300  mJ/cm'"  the  output  energy  Eout  is  changed  only  by  3%. 

At  the  energy  contributions  about  300  mJ/cm^  the  output  specific  energy  is 
over  100  mJ/cm^  and  the  radiation  conversion  efficiency,  which  is  determined  as 
r)=  Eout/Eabs,  is  40%  (Fig.  2).This  energy  deposition  may  be  achieved  at  Tpump-2.5 
ps  and  Epoj„=l  J/cm“  (Fig.  1).  Pumping  with  such  parameters  may  be  easily  real- 
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lasing;  Tterm  is  the  terminal  time  of  lasing;  Fig.  3.  Time  histories  of  the  output  Fig.  4.  The  output  spectrum 

Tterm  is  the  temperature  at  the  lasing  power  P  and  the  gas  temperature  T  at  Ein=300  mJ/cml 

termination.  at  Eiu=300  mJ/cm^ 
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ised  by  using  a  flash- initiated  chemical  DF  laser.  At  energy  contributions  obtained  using  a  discharge  chemical  DF  laser 
(Ein<80  mJ/cm^)  the  specific  energy  output  of  20  mJ/cm^  and  conversion  efficiency  of  25%  may  be  achieved  (Fig.  1,  2). 

A  typical  shape  of  a  laser  pulse  is  shown  on  Fig.  3.  The  fast  rise  of  the  gas  temperature  promotes  a  suppression  of  lasing. 
The  pulse  delay  idd  and  the  laser  terminal  time  Xtenn  from  a  start  of  the  pump  pulse  are  shown  on  Fig.  2.  The  HBr  lasing  begins 
after  a  pronounced  delay  (0.5-2. 5  ps)  with  respect  to  the  pump  start  and  continues  for  several  microseconds  soon  after  the 
pumping  of  DF  has  terminated.  In  accordance  to  the  calculations  the  DF  lasing  in  DF  ORTL  begins  with  a  considerably 
shorter  delay  and  terminates  within  several  tenths  of  microseconds  after  the  pump  pulse  termination.  A  distinction  in  the  time 
dependencies  of  HBr  and  DF  lasing  may  be  explained  by  a  relatively  slow  rate  of  the  intermolecular  vibrational  energy  ex¬ 
change.  Yet  a  transfer  of  energy  to  HBr  allows  to  use  the  DF  vibrational  energy  more  efficiently.  The  HBr  ORTL  operates 
even  under  conditions  when  the  DF  gain  is  less  than  the  threshold  value. 

The  HBr  lasing  is  produced  on  fundamental  1-0  band  transitions  in  the  4.2  -  5.2  pm  spectral  region  (Fig.  4).  The  lased 
spectral  lines  are  P(10)  -  P(28).  At  a  high  absorbed  energy  the  most  part  of  the  output  radiation  falls  on  the  lines  with  high 
rotational  quantum  number  J.  It  is  due  to  a  fast  rise  of  the  gas  temperature  during  the  laser  action  (Fig.  3)  and  to  a  high  tem¬ 
perature  value  at  a  moment  of  the  lasing  termination  (Fig.  2). 

The  above  energetic  performances  of  the  pulsed  DF-HBr  ORTL  are  not  to  be  treated  as  the  maximal  characteristics  until 
optimising  calculations  were  conducted. 

4.  CONCLUSION 

Computer  modelling  of  the  pulsed  DF-HBr  ORTL  has  been  carried  out.  That  simulation  has  forecast  a  principle  opportu¬ 
nity  of  a  conversion  of  pulsed  DF  to  HBr  laser  frequency.  Pumping  of  DF-HBr  ORTL  may  be  carried  out  using  a  longitudinal 
pump  geometry.  Pump  radiation  may  be  obtained  by  advanced  and  practical  pulsed  chemical  lasers  such  as  a  flash  initiated 
chain  chemical  laser  and  an  electrical  discharge  nonchain  chemical  laser.  Under  those  conditions  it  has  been  predicted  a  high 
efficiency  and  a  high  specific  output  in  the  4.2  -  5.2  pm  wavelength  region.  If  DF-HBr  ORTL  had  been  developed  it  could  be 
a  preferable  system  for  the  mentioned  above  spectral  region. 
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ABSTRACT 

Performance  has  been  investigated  :  a  broadband  chemical  laser  utilizing  chain  and  nonchain  reactions  and  emitting 
simultaneously  from  excited  EDF  and  D:  molecules.  Simultaneous  stimulated  emission  of  radiation  in  the  spectral  ranges 
of  2. 7-3.0  pm  and  3.7-4. 1  pm  has  been  obtained.  Theoretical  dependencies  are  presented  of  laser  energy  characteristics  on 
the  ratio  of  initial  H2  and  D2  concentrations  in  a  working  mixture. 

Keywords:  spectrum,  spectral  energy  distribution. 


INTRODUCTION 

It  is  known  that  the  chemical  lasers  work  successfully,  when  the  structure  of  an  actuating  mixture  enters  H2  or  D2 
molecules.  However,  among  the  extensive  literature,  devoted  the  researches  of  HF  and  DF  lasers,  there  are  only  two 
mentions  of  researches  of  chemical  lasers  emitting  simultaneously  from  excited  HF*  and  DF*  molecules.  In  paper  [1]  this 
effect  was  observed  by  work  of  photoinitiated  laser  acting  with  SFs-HD  and  SF6-HD-D2  mixtures.  In  paper  [2]  the  data  are 
presented  on  a  spectral  structure  of  laser  radiation,  indicative  about  simultaneous  excitation  of  molecules  HF  and  DF  in  the 
laser  acting  with  SF6-H2-D2  mixture. 

However,  the  questions  of  such  lasers  energetics  are  not  practically  investigated.  At  the  same  time  the  lasers,  having 
such  wide  spectrum  of  radiation  -  2.5-r3.4  microns  and  3.5-i-4.4  microns,  can  find  wide  practical  application.  Therefore  the 
researches  of  the  characteristics  of  chemical  lasers  present  doubtless  interest. 

The  results  of  researches  of  the  energy  characteristics  of  pulsed  chemical  lasers,  operating  on  the  basis  of  chain  and 
nonchain  reaction  in  mixtures,  containing  simultaneously  the  H2  and  D2  molecules,  are  performed  in  the  present  report. 

The  researches  of  the  laser  acting  with  nonchain  chemical  reaction  were  conducted  using  the  described  in  [3] 
electric-discharge  chemical  laser  (EDCL)  and  applying  the  system  of  discharge  formation  offered  in  [4].  Stored  electric 
energy  of  the  initiating  system  constituted  Estored  =  16  J.  Actuating  mixture  was  SF6-H2-D2.  Molar  correlation  of  sulfur 
hexafluoride  with  hydrogen  isotope  in  all  experiments  was  constant  (  SFe :  (H2+D2)  =  9  :  1  )  at  total  pressure  of  a  mixture 
P„^  =  51.5  torr. 

In  experiments  the  flat-parallel  resonator  from  mirrors  with  dielectric  interference  covers,  put  on  substrates  from 
fluorite  was  used.  Factors  of  reflection  of  mirrors  in  2. 7-4.0  microns  spectral  range  were  Ri=0.95  and  R2=0.48 
accordingly.  Active  volume  of  resonator  amounted  to  600  cm^.  Energy  of  laser  radiation  for  the  pulse  of  1.5  ps  duration 
constituted  0.5-0. 8  J. 


1.  EXPERIMENTS 

Two  series  of  experiments  were  conducted,  the  optical  schemes  of  which  are  performed  on  fig.  1 .  In  the  first  series  of 
experiments  total  energy  of  radiation  (HF+DF)  and  energy  of  radiation  in  the  range  of  2. 7-3.0  microns  (HF)  was 
measured.  The  extraction  of  energy  of  HF  radiation  was  carried  out  with  the  help  of  filter,  consisting  of  four  quartz  plates 
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with  total  thickness  of  70  mm.  Factor  of  transmittance  of  filter  in  2.7-3. 0  microns  spectral  range  (HF)  was  equal  to  Thf= 
0.56  and  for  3.6-4.0  microns  range  it  was  Tdf=  5*10  ^  In  experiments  weakening  HF  radiation  by  water  vapors  in  the 
measurement  path  was  taken  into  account.  The  DF  radiation  was  determined  as  a  difference  of  total  energy  and  HF 
radiation  energy.  In  the  second  series  of  experiments  radiation  of  laser  with  the  help  of  a  LiF  prism  was  splitted  into  two 
beams  of  the  radiation  appropriate  to  spectral  ranges  of  the  radiation  of  HF  and  DF  molecules  (2. 5 -3.0  microns  and  3.6- 
4.0  microns),  which  were  directed  onto  separate  calorimetric  detectors.  Thus  total  energy  of  radiation  was  supervised  too. 
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Fig.  1 .  Optical  schemes  of  experiments: 

1  -  EDCL;  2  -  CaF2  plates;  3  -  mirrors;  4  -  quartz  plates;  5  -  LiF  prism;  6  -  calorimetric  detectors;  7  -  tuning  He-Ne-lasers. 


E,mJ/cm^ 


Fig. 2.  Energy  distribution  on  spectral  rages  for 
different  isotopic  composition  of  hydrogen  in 
actuating  mixture  at  nonchain  reactions  for 
(dark  points)  and  2"^(light  points)  experimental 
series.  Solid  curves  •  calculation. 
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Fig. 3. Energy  distribution  on  spectral  rages  for  different 
isotopic  composition  of  hydrogen  in  actuating  mixture 
at  chain  reactions.  Solid  curves  -  calculation. 
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The  results  of  experiments  are  indicated  on  fig.  2  as  a  kind  of  dependence  of  energy  of  radiation  on  a  share  of  XH2  in 
H2  +  D2  mixture  (x  =  [H2]/([H2]  +  P2]). 

From  tlie  above  graphs  follows,  that  the  generation  of  radiation  in  both  spectral  ranges  is  observed,  practically,  at  any 
correlations  of  D2  and  H2 ,  besides,  probably,  significances  of  x  close  0  and  1,  where  at  small  concentration  of  H2  and  D2 
should  be  desplayed  threshold  effects.  The  energy  of  generation  for  pure  HF  about  in  1.5  times  is  higher,  than  for  pure  DF. 

Researches  of  the  laser  on  the  basis  of  chain  reaction  of  fluorine  with  hydrogen  were  carried  out  with  flashlamp 
initiation.  The  mixture  of  F2:  (H2  +  D2):  O2:  He  =  1:  0.33:  1.67:  9.046:  0.3  was  used  as  an  actuating  one.  Reaction  was 
initiated  by  a  xenon  flashlamp  during  the  discharge  of  capacitor  battery  with  7.5  kJ  stored  energy.  The  resonator  of  the 
laser  was  formed  by  a  flat-flat  BaF2  plate  and  flat  cooper  mirror.  The  energy  of  generation  for  separate  pulse  of  1.5 
microsec  duration  constituted  the  value  25... 50  J.  Experiments  were  carried  out  with  use  of  optical  scheme  performed  on 
fig.  lb. 

The  experimental  results  are  indicated  on  fig.  3.  The  energy  of  radiation  for  pure  HF  is,  about,  two  times  higher, 
than  that  for  pure  DF.  We  shall  note,  that  comparison  of  dependences,  indicated  on  fig.  2  and  fig.  3  demonstrates  their 
difference  for  lasers  based  on  chain  and  nonchain  reactions. 


2.  DISCUSSION  OF  RESULT  OF  EXPERIMENTS 

The  analysis  of  received  experimental  dependences  shows  the  processes,  determing  population  inversion  of  energy 
levels  of  HF  and  DF  molecules,  influencing  each  other  in  conjointly  running.  This  is  determined  by  both  a  competition  of 
reactions  causing  the  formation  of  the  excited  HF  and  DF  molecules,  and  a  competition  of  deactivating  processes  of  these 
molecules  [5,6]. 

Apparently,  the  main  processes  determing  formation  of  received  dependences  for  the  laser  based  on  nonchain 
reaction  are  the  following  ones: 


F  +  H2— ^->HF*  +  H 
F  +  D2  — DF*+D 


where  kl/k2  =  y  =  1.8 -s- 2  [5.6] 

The  deactivating  processes,  apparently,  are  not  of  large  significance  because  of  small  concentration  of  ground  state 
HF  and  DF  molecules. 

Decision  of  the  system  of  kinetic  equations: 


a[HF*]/at-kl  [H2]  [F], 
apF*]/^  =  k2  P2]  [F], 
d¥/di  =  -  ( kl  [H2]  +  k2  P2] )  [F] 

carried  out  on  the  assumptions  of  instantaneous  ejection  of  fluorine  atoms  and  constant  H2  and  D2  concentrations,  which 
meet  the  conditions  of  experiment,  results  in  following  simple  dependences: 

Ehf(x)  =  E®hfYX  /  [  1  +  (y  -  1)x  ] 

Edf(x)  =  E°df  (1-x)  /  [1+  (y  -  l)x  ] 

E(x)  =  [  eV  +  (yEV-  EV)x]/[1  +  (y  -  l)x], 

where  Enpand  Epp"  are  energies  of  radiation  in  2,6. ..3,1  microns  and  3, 5. ..4,0  microns  spectral  ranges,  correspondingly, 
E®hf  and  E®df  -  are  energies  of  radiation  for  pure  HF*  and  DF‘,  E(x)  -  is  energy  of  radiation  of  EDGE. 

Obtained  calculated  dependencies  are  drawn  on  the  fig.  2  for  the  case  of  E°hf  =  1-25  mJ/cm^  EV  =  0.83  mJ/cm^  and 
Y  =  2.  It  is  seen,  that  there  is  a  good  agreement  with  experimental  data.  For  chain  reaction  the  complete  account  of 
interaction  of  elementary  processes  of  reactions,  determining  formation  of  excited  HF’  and  DF*  molecules  is  very 
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combined.  Therefore  in  result  of  the  analysis  of  experimental  dependencies  (see  fig.  3),  constants  of  reactions  rates  and 
deactivation  processes  [5,  6],  we  were  limited  by  consideration  only  of  two  processes: 


HF*  +  D2—^->  HF  +  D2\  D2 
hfVdf— ^->HF  +  DF\  DF 

The  backward  influence  of  elementary  processes  of  reaction,  causing  to  formation  of  excited  HF  molecules  on 
processes  of  formation  of  excited  DF*  molecules,  apparently,  is  small,  as  the  dependence  of  radiated  energy  of  laser  based 

on  DF  is  linear  from  x.  . 

Proceeding  from  above  performed  one  can  made  the  simple  assumptions.  As  a  result  of  reactions  the  excited  HF  and 
DF*  are  formed  in  amounts  proportional  to  the  concentrations  of  H2  and  D2,  correspondingly.  The  interactions  of  chains  of 
reaction  is  described  by  characteristic  for  chemical  kinetic  expression:  exp(  -  AP2]),  where  A  =  (ka  +  ak4)t,  t  -  time  of 
generation,  a  -  pF]/[D2]  -  the  relation  of  formed  during  generation  DF  to  initial  concentration  of  D2. 

As  a  result  it  is  possible  to  write  down  the  obvious  dependencies  for  energy  of  radiation  in  various  spectral  ranges. 

Ehf(x)  =  E*^hf  X  exp  [  -  A  No  (1-x)  ], 

Edf(x)  =  E%f(1-x), 

E  (x)  =  eV  (1  -  x)  +  eVx  exp  [  -  a  No  (1  -  x)], 
where  No  -  initial  total  concentration  of  H2  and  D2. 

From  experimental  dependence  of  E(x)  the  values  E^hf“  82mJ/cm^  and  E^df  =  38  mJ/cm^,  ANo  =  0.69  were 
determined.  Taking  into  account  these  received  parameters  the  calculated  significances  are  in  good  agreement  with 
experimental  ones  (see  fig.  3). 

The  obtained  calculated  and  experimental  results  show  an  opportunity  of  creation  of  the  laser  based  on  mixtures, 
containing  H2  and  D2  with  a  beforehand  given  correlation  of  energy  of  generation  in  2,7. ..3,0  microns  and  3,6.. ,4,0 
microns  spectral  ranges. 
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ABSTRACT 

Ways  of  achieving  extreme  energy  characteristics  of  pulsed  DF/HF  lasers  Avere  determined  as  results  of  theoretical  and 
experimental  (at  energy  up  to  5  kJ)  investigations  of  generator  and  amplifier.  The  close  output  energies  of  DF  and  HF  lasers 
and  higher  efficiency  of  the  cascade  circuit  relative  to  an  equivalent  generator  were  obtained. 

Keywords:  pulsed  HF/DF  laser,  master  generator-amplifier,  active  medium,  CO2  impurity,  spectrum,  energy. 

1.  INTRODUCTION 

Results  of  experimental  and  theoretical  investigations  of  pulsed  chemical  DF/HF  lasers  with  photoinir  '  on  were  partly 
presented  before. In  this  paper  the  results  are  added  and  generalised.  The  main  purpose  of  our  investigai.  oas  was  to  study 
the  ways  and  to  define  the  conditions  of  achieving  top  energy  characteristics.  Special  attention  was  paid  to  problems  not 
resolved  till  now  during  the  development  of  DF  lasers  generating  radiation  in  the  atmospheric  transmission  window: 

-  studying  reasons  of  the  fact  that  lower  specific  output  energy  fi*om  the  active  medium  of  DF  in  comparison  with  HF 
lasers  is  observed  in  experiment  in  spite  of  that  during  the  chain  reaction  D2(H2)+F2  the  same  energy  of  chemical  interaction 
is  spent  on  excitation  of  vibrational-rotational  levels  of  DF  and  HF  molecules; 

-  investigating  the  structure  of  energy  losses  in  non-uniform  chemically  reacting  active  media  in  order  to  bring  out  the 
main  types  of  spatial-temporal  non-uniformity  limiting  growth  of  radiation  density ; 

-  investigating  a  cascade  circuits  "  master  generator-  amplifier"  (MG-A)  to  determine  conditions  for  the  most  effective 
work  of  the  amplifier  with  energy  characteristics  exceeding  those  of  the  equivalent  generator. 

2.  EXPERIMENTAL  SETUP 

The  procedure  and  diagnostics  of  experiment  were  stated  before.^'^  In  the  experiments  the  modular  design  of  chemical 
reactor  and  initiation  system  were  used,  which  allowed  to  conduct  the  investigations  of  the  pulsed  chemical  DF  and  HF  lasers 
that  worked  as  a  generator  or  as  an  amplifier,  with  common  length  (La)  on  the  active  medium  up  to  8  m  and  volume  (V)  up  to 
100  1.  MG  and  A  had  the  same  construction.  The  cylindrical  geometry  of  the  illuminated  volume  of  the  chemical  reactor,  and 
the  application  of  a  teflon  reflector  ensured  high  efficiency  of  using  UV-light  initiating  chemical  reactions  in  hydrofluoric 
mixtures.  The  resonator  is  formed  by  plane  mirrors  with  refi-action  effective  coefficient  of  Ri ,2=0.003 6-0.98  and  circle 
aperture  of  132  mm.  CO2  impurity  was  fed  in  the  active  medium  and  absorbtion  cavity  placing  inside  the  resonator.  As  a 
result  of  optimisation  of  the  mixture  composition,  of  the  initiation  system  parameters  and  resonator  the  following 
experimental  condition  was  chosen:^’^ 

-  mixture  composition  -  F2 :  D2  (H2):  O2 :  He  =  3  :  1  :  0.3  :  6.7  up  to  pressure  0.1 1  MPa; 

-  capacitor  energy  (CUV2)  of  photoinitiation  system  per  unit  of  the  active  medium  Ei  =  CUV2V  =105  J/1. 

3.  RESULTS  AND  DISCUSSION 

For  theoretical  study  the  nonequilibrium  model  of  pulsed  chemical  laser  was  developed  that  takes  into  account  the  final 
velocity  of  rotational  relaxation  and  enables  to  conduct  the  calculation  of  energy  and  spectral-temporal  characteristics  of  the 
radiation.  By  calculated  investigations  it  was  shown,  that  for  achieving  the  maximum  specific  outrut  energy  it  is  necessary  to 
use  a  high  quality  resonator  ensuring  more  than  100-fold  excess  (M)  of  the  unsaturated  gain  (Ko)  above  threshold  (K,=  - 
ln(RiR2)/2La):  calculated  maximum  was  observed  at  Ri=0.06,  R2=0.98,  La=20  m  (Fig.l).  Such  high  values  of  the  excess 
parameter  required  for  achieving  maximum  efficiencies,  are  peculiar  only  to  pulsed  chemical  lasers  generating  on  a  large 
number  of  vibrational-rotational  transitions  which  gains  differ  by  a  factor  of  more  than  10^.  It  leads  to  the  fact  that  for 
excitation  of  generation  on  transitions  in  high  bands  between  levels  with  comparatively  small  populations  inversion  but  with 
large  energy  store,  a  high  quality  resonator  with  the  excess  parameter  M>50  is  required.  In  experiment  the  maximum  specific 
output  energy  was  received  at  excess  parameter  M=50  (La=5m). 
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The  main  distinction  between  DF  and  HF  lasers  lies  in  the  fact  that  during  the  chain  reactions  D2  +  F2  and  H2  +  F2  the  equal 
energy  of  chemical  interaction  is  spent  on  exciting  different  numbers  (N)  of  vibrational-rotational  levels  of  the  DF  and  HF 
molecules  (Ndf^Nhf)-  Therefore  the  gains  on  the  transitions  of  the  DF  molecule  are  lower  than  those  of  HF  molecule,  and  for 
excitation  of  DF  laser  generation  a  higher  quality  resonator  is  required.  However,  as  a  result  of  intracavity  losses,  the  equality 
of  maximum  values  of  efficiency  (e)  fi*om  the  active  media  of  the  DF  and  HF  lasers  is  not  reached.  The  Cdf/chf  ratio  achieved 
in  the  first  experiments^  at  M=50  was  only  0,7  (Fig.  1 ).  At  M>50  (La>5m)  in  spite  of  the  fact,  that  the  energy  characteristics  of 
DF  and  HF  lasers  became  more  alike,  further  growth  of  a  number  of  generating  transitions,  and  occurrence  of  high  bands  up 
to  10-9  for  DF  and  7-6  for  HF  lasers  in  the  laser  spectra,  considerable  decrease  of  specific  output  energy  was  observed.  The 
decrease  of  energy  characteristics  corresponded  to  high  intracavity  losses  p=0.07  m‘*  (Fig.l),  that  cannot  be  explain  by 
nonequilibrium  model.  Therefore  the  following  stage  of  our  work  consisted  in  detailed  theoretical  and  experimental 
investigations  of  the  structure  of  intracavity  losses. 

The  main  reason  of  the  discrepancy  lies  in  the  fact  that  this  model  does  not  consider  the  effects  connected  with  the  spatial- 
temporal  non-uniformity  of  chain  processes.  The  inclusion  of  non-uniformity  required  considerable  complication  of  the 
calculation  program,  that  in  turn  would  result  in  excessive  increasing  the  machine  time.  Therefore  for  the  investigation  of  the 
power  losses  structure  in  non-uniformly  reacting  active  medium  a  semiempirical  model  of  chemical  laser  was  developed.  The 
model  was  based  on  the  approximate  analytical  solution  of  differential  equations  for  the  power  density.  The  beam  propagation 
inside  the  resonator  was  simulated  on  the  basis  of  the  geometrical  optic  laws.  The  temporal  dependence  of  the  refraction 
coefficient  of  the  active  medium  obtained  in  the  experiment,  was  approximated  by  analytical  function.  The  best  coincidence 
of  experimental  and  calculated  dependences  of  the  energy  characteristics  of  the  laser  radiation  on  the  resonator  loss  factor  was 
observed  when  taking  into  account  all  real  types  of  the  spatial-temporal  non-uniformity  of  chain  processes  caused  by  the 
non-uniform  photoinitiation,  and  introducing  into  calculation  the  distributed  losses  caused  by  absorbing  impurities  in  the 
resonator  volume  (Fig.l).  For  initiation  system  used  in  the  experiment  the  types  of  spatial-temporal  non-uniformity  lay  at 
M>50  in  the  following  sequence  according  to  the  growth  of  their  influence  on  laser  energy:  the  own-temporal  non-uniformity 
of  the  development  of  chain  processes,  longitudinal  spatial  and  temporal  non-uniformity,  transverse  non-uniformity  of 
initiation.^ 

To  determine  to  what  degree  the  CO2  impurity  effectively  absorbing  radiation  over  the  wavelength  range  of  4, 2-4,3  |im 
influences  the  energy  and  spectral  characteristics  of  the  DF/HF  lasers,  the  experimental  investigations  were  conducted.  It  was 
shown,  that  the  sensitivity  (S=AE  Co  /A[C02]  Eo ,  where  E-laser  energy,  Co-mixture  concentration)  of  energy  characteristics  of 
the  DF  laser  to  the  CO2  impurity  within  laser  medium  depends  on  the  generation  regime.  At  CO2  concentration  more  than 
0.1%  and  M  less  than  10  the  generation  over  the  wavelength  range  of  4.2-4.3  pm  fails  (Fig.2),  and  sensitivity  is  determined  by 
relaxation  processes.  In  this  case  the  sensitivity  is  100<Sdf  <300.  At  CO2  concentration  less  than  0.1%  and  M  more  than  20 
over  the  absorbing  radiation  wavelength  range  of  4.2-4.3  pm  the  DF  laser  generates  up  to  25%  of  total  energy  (Fig.2).  In  this 
case  the  sensitivity  is  determined  basically  by  absorption  processes,  and  Sdf  reaches  the  value  of  1000  (Fig.l).  The  increase  of 
the  CO2  concentration  from  0,01%  (that  corresponded  to  the  standard  experiment)  up  to  0,067%  caused  the  30%  energy 
decrease  (Fig.l),  and  the  failure  of  generation  on  about  20  lines  (Fig.2).  At  further  increase  of  CO2  concentration  from  0.1% 
up  to  0.6%  the  5-fold  decrease  of  energy  generation  and  suppression  of  generation  on  about  50  spectral  lines  of  DF  laser’s  six 
high  bands  were  observed.  Using  F2  with  CO2  concentration  of  0.01%  allowed  to  reach  the  value  of  maximum  specific  output 
energy  ratio  enp/eDF  more  than  0,9.  The  sensitivity  for  HF  laser^  is  only  13.  Such  strong  distinction  is  due  to  two  reasons:  high 
values  of  the  relaxation  rate  constants  of  excited  molecules  DF*  by  CC^  molecules,  and  strong  CO2  absorption. 

It  is  known  that  for  obtaining  extreme  energy  characteristics  the  use  of  cascade  circuit  "MG-A”  is  more  preferable.  Then 
the  losses  in  the  active  medium  caused  by  refraction  and  absorption  of  the  radiation,  can  be  considerably  reduced.  In  our 
experiments  at  increasing  active  length  of  cascade  circuit  up  to  8  m,  the  continuum  growth  of  specific  output  energy  was 
observed.  The  theoretical  and  experimental  investigations  showed  that  for  the  most  effective  work  of  the  cascade  circuit  a 
stringent  spatial-temporal  synchronisation  of  processes  in  active  media  of  MG  and  A  is  required.  In  our  experiments  the 
strongest  change  of  the  HF/DF  laser  energy  characteristics  is  observed  at  change  of  MG  spectrum,  and  the  variations  of  delay 
in  initiation  between  MG  and  A  (Fig.3).  At  increase  of  input  energy  density  by  10^  the  amplifier  specific  output  energy  only 
doubles.  The  conditions  at  which  energy  characteristics  of  the  amplifier  exceed  the  corresponding  characteristics  of  the 
equivalent  MG  (of  the  same  length),  are  determined  as  follows: 

-  the  high  bands  must  be  present  in  the  MG  spectrum,  which  is  achieved  at  M>50  (La>4m)  (Fig.2, 3); 

-  the  value  of  the  input  energy  density  must  provide  high  saturation  of  the  active  medium  of  the  amplifier  with  the 
parameter  M>50;  in  experiments  at  the  active  length  of  the  amplifier  of  4  m  the  output  energy  of  HF  laser  was  2.8  kJ  at  the 
input  energy  density  of  5  J/cm^  (2.5  MW/cm^)  (Fig.3); 
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-  the  initiation  delay  of  the  amplifier  relative  to  the  generator  must  be  optimised;  for  example,  the  optimum  delay  in  the 
experiment  and  calculation  with  the  cascade  circuit  MG(2m)-A(4m)  of  the  HF  laser  was  0,1  ps  (Fig.3). 

4.  CONCLUSIONS 

Firstly,  the  ways  and  conditions  of  achieving  the  extreme  energy  characteristics  of  the  pulsed  chemical  DF/HF  lasers  are 
determined.  These  conditions  consist  in  following: 

-  use  of  the  cascade  circuit; 

-  removing  CO2  impurity  from  optical  channel  between  master  generator  and  amplifier  in  DF  laser; 

-  use  of  the  high  quality  resonator  ensuring  more  than  50-foid  excess  of  unsaturated  gain  above  the  threshold  for  the 
excitation  of  generation  on  transitions  of  high  bands  in  master  generator; 

-  the  value  of  energy  density  at  the  amplifier  inlet  must  provide  high  saturation  of  the  active  medium  with  the  parameter 
M>50; 

-  high  umformity  of  active  medium  and  low  losses  on  the  absorbing  molecules;  for  achieving  the  level  of  Cdf  /chf  more 
than  0.9  the  content  of  CO2  impurity  in  the  active  medium  of  DF  laser  must  not  exceed  0,01%; 

-  optimisation  of  the  initiation  delay  of  the  amplifier  relative  to  the  generator  is  necessary. 

Secondly,  the  realization  of  these  conditions  has  allowed  to  observe  for  the  first  time: 

-  the  close  values  of  the  specific  output  energies  with  DF  and  HF  molecules  ( q)F/eHF>0.9  at  M>50 ); 

-  the  fullest  spectra  of  DF  and  HF  lasers  consisting  of  10  and  7  vibrational  bands  over  the  wavelenght  range  2.7-3.5  and 
3. 6-5.0  pm,  respectively  ; 

-  higher  efficiency  of  the  cascade  circuit  relative  to  the  equivalent  master  generator; 

and  to  achieve  the  best  energy  characteristics  of  DF/HF  lasers  with  flashlamp  initiation:  specific  output  energy  -  45/50  J/1, 
technical  efficiency  -  35/40  %,  total  laser  energy  of  cascade  circuit  MG(4  m)-A(4  m)  -  4/5  kJ. 

5.  REFERENCES 

1.  M. A. Azarov,  V.A.Drozdov,  Yu.A.Malyshev,  "High-efficiency  pulsed  chemical  HF  and  DF  laser  with  flashlamp 
initiation".  Fluid  and  Gas  Mechanics,  Chemistry  and  Lasers,  Proceedings  of  the  20-th  Scientific  Conference  of  the  NPO 
GIPH,  Leningrad,  Russia,  1991,  pp  120-127. 

2.  M.A.Azarov,  B.S.Alexandrov,  V.A.Drozdov,  G.A.Troshchinenko,  "Energy  and  spectral  characteristics  of  pulsed 
chemical  HF  and  DF  lasers".  Proceedings  of  the  10-th  International  Symposium  on  Gas  Flow  &  Chemical  Lasers, 
Friedrichshafen,  Germany,  1994,  SPIE,  Vol.  2502,  pp  382-387. 

3.  M.A.Azarov,  V.A.Drozdov,  G.A.Troshchinenko,  "Influence  ofC02  impurities  within  laser  medium  on  energy  and 
spectral  characteristics  of  HF  and  DF  lasers",  Proceedings  of  the  1 5-th  International  Conference  on  Coherent  and  Non-linear 
Optics  &  8-th  Laser  Optics  Conference,  St-Petersburg,  Russia,  1995,  (to  be  publish  by  SPIE). 


Energy  characteristics  of  DF  and  HF  lasers 


a-DF,  [C02]>0.1% 


1  -  nonequilibrium  model;  2,3,4  -  semiempirical  model; 

1,2  -  umform  initiation;  3,4  -  non-uniform  initiation 
3-  p=0;  4-  p  =  0.05  1/m  Fig.l 


+  -La=  Im,  Kr^  1.2  1/m 
—  O  -La  =  4m,Kr  =  0.32  1/m 
f  -  La  =  4  m,  Kr  =  0.26  1/m 
^  -  La  =  6  m,  Kr  =  0.2  1/m 
HF  -  La  =  6  m,  Kr  =  0.2  1/m 
-e - o 


O  -  CO2  in  cavity  ^ 

+  +  ©  -  C02  in  laser  medium 


0.2  0.4 
C02  Concentration,  % 

[C02]  for  cavity  =  [C02]  in  cavity  Lc/  La, 
Lc  -  lenght  of  absorbtion  cavity. 


n 

0.6 


608 


Amplifier  specific  output  energy,  J/l 


Influence  of  cavity  losses  Kr  (1,-  DF,  2.  -  HF)  and  C02  impurities  within  laser  medium  (3.  -  DF)  and  cavity  (4.  -  DF) 

on  the  DF  and  HF  laser  spectrum 


0.1j 

loA 


[C02]  <  0.1  % 


[C02]  <  0.1  % 


Kr  =  ll  1/m 


8: 


;5- 

0.0 


1.5^ 


S  0.5 
<5 

g  0.0 


e*  1.5 

S  10 

^  0.5-3 


M  0.0 


I  I  r  I  r 


“r-f 


A 


u _ ^ 


1  ^  ^  ^  T 


=  i6'  1/m 


n  rn  ^  r 


I  I  I  I  I  i 

Kr  =  0.58  1/m 


1  r  I 


I  I  1  1  !  T 

Kr  =  0.16  1/m 


I . 'I  I  I  f"T 


j=5  12  5  12  5  12  5  12  5  12  5  12  5  12  5  12  5  12  5 


V->V-1  1-0 
1.5 


5-4  6-5  7-6 
Kr  =  0.26  1/m 

[C02]  =  0.122  % 


V->V-1 


12  5  12  5  12  5  12  5  12  5  12  5 
1-0  2-1  3-2  4-3  5-4  6-5  7-6 

Band,  transition,  P  (v,j) 


1— ^ 

12  5  12  5  12 


Kr=19.9  1/m 


10-9 


V->V-1 


Fig.  2 


5  12  5  12  5  12  5  12  5  12  5  12  5  12  5  12  5  12 
1-0  2-1  3-2  4-3  5-4  6-5  7-6  8-7  9-8 

Band,  transition,  P(vj) 


Energy  characteristics  of  cascade  circuit  ( MG  -  A  ) 
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Influence  of  aerosols  on  gas-breakdowns, 
induced  by  high  power  pulsed  infrared  laser  radiation 
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1.  ABSTRACT 

Atmospheric  aerosols  can  limit  laser  beam  propagation  and  reduce  energy  transfer  to  work-pieces  by  creating  shielding 
plasmas.  The  purpose  of  this  paper  is  to  get  results  fijr  plasma  igmtion  thresholds  depending  on  incoming  laser  power 
density,  kind  and  density  of  impurities  in  the  interaction  volume. 

Keywords:  Aerosols,  gas  breakdown,  chemical  laser,  interferometry,  streak  recordings,  plasma  transmission. 

2.  INTRODUCTION 

Aerosols  exist  all  over  the  atmosphere.  The  source  of  aerosols  can  be  of  natural  origin  (fog  and  dust)  or  they  can  be  created 
by  industrial  applications  (exhaust).  These  fluid  or  solid  based  microparticle  clouds  can  influence  the  spreading  of  the  laser 
beam  by  interacting  with  the  incident  radiation  and  thus  creating  shielding  plasmas.  These  so-called  gas-breakdowns 
seriously  affect  the  transmission  capability  by  limiting  the  atmospheric  propagation  of  the  laser  radiation.  As  a  consequence, 
energy  transfer  to  work-pieces,  for  example  in  the  case  of  material  processing,  is  also  reduced. 

3.  EXPERIMENTAL  SETUP 

For  initiation  of  gas-breakdowns  we  use  a  chemical  laser  at  a  wavelength  of  2,7  |im  working  in  single-shot-mode.  This 
hydrogen-fluoride  (HF)  gas-laser  with  variable  output  energy  (up  to  12  Joules)  produces  power  densities  up  to  74  GW/cm^ 
by  tpwHM  of  330  ns  pulses. 


Based  on  different  high-speed  diagnostic  techniques  (streak  recordings,  interferometer)  we  have  not  only  the  possibility  to 
investigate  the  non-linear  dynamic  plasma  formation  in  pure  gases  but  also  in  gases  seeded  by  the  injection  of  micro¬ 
particles.  Caused  by  the  variation  of  the  power  density  transferred  into  the  polluted  atmosphere,  we  are  able  to  get  results  for 
air-breakdown  thresholds.  These  are  depending  e.g.  on  the  density  of  particles  in  air.  Furthermore,  we  investigate  ignition 
and  expansion  of  these  plasmas  depending  on  the  type  of  aerosol  and  also  the  propagation  of  the  incident  laser  pulse 
through  the  plasma. 
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Due  to  the  high  laser  power,  threshold  densities  may  be  achieved  already  in  front  of  the  focal  plane.  It  is  therefore  important 
to  register  physical  parameters  of  the  plasma  as  well  as  the  geometrical  conditions;  location  of  igmtion  centres  or  shape  of 
detonation-wave  fronts. 


4.  RESULTS 

In  our  studies  we  disperse  four  basic  materials,  TiOz  as  a  ceramic,  cigarette  smoke,  water  and  DEHS  (sebacica  acid  di(2- 
ethylhexylester)),  an  oil-based  fluid,  into  aerosols  for  imitating  industrial  and  natural  existing  pollution.  By  using  different 
generators  for  seeding  particles  and  aerosols,  designed  and  developed  at  ISL,  we  are  able  to  import  well-known  impurities 
into  the  volume  of  interest.  For  determining  the  output  of  these  particle  generators  we  use  different  techniques:  particle 
counter  and  Laser-Doppler-Anemometry  (LDA).  As  results  of  these  measurements  we  obtain  size  and  volume  density  of  the 
ejected  particles. 
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Particle  Diameter  in  pm 
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Fig.  2:  Aerosol  distribution  vs  particle  diameter  as  a 
function  of  injector  input-pressure 

As  seen  in  figure  2,  these  distributions  can  be  defined  as 
nearly  monodisperse  with  an  averaged  diameter  of  0.55  pm 
for  water,  1.1  pm  for  DEHS  and  1.5  pm  for  titandioxide. 
The  higher  the  injector  input  pressure  the  higher  the  number 
of  particles  dispersed  by  the  turbulent  gas  flow. 

According  to  the  Mie-theoiy  the  aerosol  droplet  shape  is 
nearly  spherical,  even  titandioxide,  which  is  approved  by 
electron-microscopic  investigations. 


With  one  Wollaston-prism  we  are  able  to  implement  an  easy  adjustable  Mach-Zehnder-Interferometer.  For  visualising  the 
refraction-index  variations  inside  the  plasma  spark  we  use  a  frequency-doubled  Nd:Ylf-laser  at  X-513  nm  with  a  tpwHM  of 
10  ns  orthogonal  to  the  plasma  creating  HF-laser  beam  and  orthogonal  to  the  direction  of  streak  recordings.  Figure  3  shows 
typical  results  of  sparks  in  water  haze  at  early  plasma  life  times. 
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At  =  180  ns  At  =  370  ns 

Fig.3:  Water,  injector  inpu- pressure:  1  bar,  incident  laser  intensity  23,5  GW/cm^ 

I  I2  mm 

The  high  dense  detonation  front  expands  as  a  spherical  wave  with  different  velocities  axial  and  radial  to  the  plasma 
generating  HF-laser  beam.  The  origin  of  plasma  ignition  could  be  several  separated  particles,  leading  to  an  asymmetrical 
detonation  shape.  The  optical  thickness,  shape  and  expansion  velocities  are  strongly  material  dependent. 

By  using  a  Beckman- Whitley  streak  camera  with  a  beryllium  mirror,  rotating  by  compressed  air  flow,  we  observe  the  plume 
of  the  plasma  spark  directly  time  resolved.  Observing  the  streak  image  plane  with  a  CCD-camera  we  store  the  results  by 
using  vidoe-tapes,  which  can  be  transferred  to  PC  by  a  frame  grabber  card.  This  technique  enables  us  to  show  several 
detonation  fronts  even  at  early  plasma  life  times. 


Fig.  4:  Streak  recordings  of  different  seeding  materials  at  nearly  the  same  incident  laser  intensity  (laser  beam  propagates 

from  the  top,  time  scale  from  the  right  to  the  left  sidi) 

I - - lips 


1  cm 


The  aerosol  is  vaporised  instantaneously  by  the  incident  laser  pulse.  The  detonation  fronts  of  the  exploding  particles 
propagate  with  up  to  50  km/s  along  the  laser  beam,  and  as  a  retonation  front  with  up  to  120  km/s  towards  it. 


By  the  aid  of  transient  recordings  we  are  able  to  determine  some  special  plasma  effects  as  the  drastically  decrease  of  the 
laser  pulse,  which  is  transmitted  through  the  plasma  plume,  the  plasma  shielding  by  the  fast  growing  of  the  absorbing 
detonation  wave  fronts  and  the  time  development  of  plasma  luminosity  depending  of  the  incoming  energy.  Hereby,  we 
detect  an  immediate  dependence  of  these  plasma  effects  on  the  material  and  density  of  the  injected  aerosol  and  laser 


intensity. 


Fig.  5:  (Titandioxide,  injection  pressure  1.2  bar),  time 
resolved  plasma  luminosity  compared  at  different  laser 
intensities,  time  reference  for  the  highest  luminosity  are 
incident  and  transmitted  laser  pulses 

The  time  delay  between  plasma  spark  ignition  and  the  time 
dependent  shape  of  the  luminosity  are  strongly  material 
dependent.  The  maximum  of  the  luminosity  is  always 
reached  at  the  end  of  the  laser  pulse.  The  ignition  starts, 
when  the  transmitted  pulse  begins  to  break  down.  For 
titandioxide,  the  time  delay  of  the  plasma  ignition  ranges 
from  170  ns  at  8.9  GW/cm^  up  to  280  ns  at  3,6  GW/cm^. 


Fig.  6:  (Water,  water  injector  input-pressure  4  bar,  laser 
intensity  11.7  GW/cm^),  transient  recordings 

The  incident  laser  beam  heats  up  until  the  threshold 
intensity  is  reached,  and  vaporises  the  aerosol  particles 
instantaneously  (1  to  3  ns).  The  explosion  generates  high 
dense  spherical  detonation  waves,  which  reduce  the 
propagation  of  the  laser  radiation.  The  detonation  front  still 
heats  up  by  absoibing  the  laser  beam  and  a  bright  spark 
appears  several  tens  ns  (in  this  case  40  ns)  later  and  the 
transmitted  laser  pulse  is  completely  blocked. 


Fig.  1:  (DEHS,  injector  input  pressure  0.3  bar),  plasma 
shielding  as  a  function  of  laser  intensity 

The  enveloping  curve  refers  to  the  incident  laser  beam,  the 
shielding  effect  is  strongly  dependent  on  the  incoming 
intensity.  It  starts  for  lower  intensities  several  nanoseconds 
later.  ITie  increasing  front  velocity  is  strongly  material 
dependent.  The  higher  the  incident  laser  intensity  and  the 
number  of  particles  inside  the  focal  volume,  the  faster  the 
aerosol  plasma  becomes  opaque  for  the  incoming  laser 
radiation. 
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5,  SUMMARY 

As  shown  in  table  1  the  laser  threshold  intensity  for  initiation  gas  breakdowns  is  drastically  reduced  when  polluting  aerosols 
are  inside  the  interaction  volume.  This  lowering  is  strongly  dependent  on  the  particle  material  properties. 


jnax,  float  velocity 

return  deton.  : 

plasma  size 
rcml 

;  readied  after 

mi 

aerosd 

diameter 

{mnl 

tbresftokl 

TIOi 

55 

30 

1.3 

560 

1.5 

<3.4 

100 

50 

1.1 

950 

1.1 

6.7 

■  HiO'"'''" 

110 

30 

0.8 

690 

0.55 

7.1 

Fume 

40 

10 

1.1 

890 

<0.1 

3.8 

Air 

120 

60 

1.0 

440 

unfiltered 

i  14 

Table  J:  Results 


Natural  or  artificial  genuine  aerosols  exist  everywhere  in  the  atmosphere.  These  impurities  reduce  the  laser-induced  air 
breakdown  threshold  eminently.  The  aerosol-initiated  breakdown  strongly  limits  the  propagation  of  high-power  laser  pulses 
through  the  atmospheric  gas  medium.  When  the  air  breaks  down  due  to  an  intense  laser  pulse,  the  generated  high-pressure, 
high-density  plasma  fast  absorbs  the  incident  laser  radiation.  The  plasma  plume  expands  along  the  laser  beam  and  towards 
it,  fills  the  laser  beam  inside  the  interaction  volume  and  subsequently  blocks  off  the  incident  laser  energy.  This  plasma 
shielding  effect  is  of  great  disadvantage  to  all  laser  manufacturing  processes.  Even  the  smallest  number  of  seeding  particles 
reduces  the  energy  transfer  to  the  work-piece  drastically. 

In  industrial  laser  applications  both,  the  energy  transfer  mechanisms  and  the  energy  transmission  conditions  through  the 
plasma  have  to  be  understood.  Plasmas  building  up  ahead  of  the  work-piece  can  shield  incident  radiation  and  reduce 
treatment  efficiency.  A  contribution  to  this  problem  can  give  a  profound  knowledge  of  the  breakdown  mechanisms  in 
polluted  gas  atmospheres. 


6.  REFERENCES 

1.  R.  L.  Armstrong,  Laser  induced  droplet  heatings  Optical  effects  associated  with  small  particles.  World  Scientific, 
Singapore,  p.203,  1988 

2.  M.  Autric  et  al..  Study  of  a  high  power  infrared  laser  beam  through  the  atmosphere.  Influence  of  metrological  conditions 
Proceedings,  7th  GCL,  SPIE  Vol.  1031,  p.  564,  1988 

3.  A. A.  Lushnikov  et  dl..  Aerosols  in  strong  laser  beams,  J.  Aerosols  Sci,,  24,  p.  707  -  735,  1992 

4.  D.  C.  Smith  et  al..  Laser  radiation  induced  gas  breakdown,  R04-63-9,  1976 

5.  M.  Hugenschmidt,  M.  Althaus,  Recent  developments  in  high-resolution  optical  diagnostics  of  repetitively  pulsed  laser- 
target  effects,  Proceedings,  21*^  Int.  Cong,  on  High-Speed  Photo,  and  Phot.,  Korea,  1994 


614 


Investigation  into  the  absorptivity  change  in  metals  with  increased  laser  power. 

M.Sc.  Kristian  Blidegn  and  Dr.  Flemming  O.  Olsen. 

Institute  of  Manufacturing  Engineering,  Thermal  Processing  of  Materials,  Laser  Group,  The  Technical  University  of 

Denmark,  DK-2800,  Lyngby  Denmark 


Abstract 

At  a  first  glance  the  low  absorptivity  of  metals  in  the  infrared  (IR)  makes  the  use  of  YAG  or  CO2  lasers  in  metal  processing 
very  inefficient.  However,  it  has  been  demonstrated  that  the  absorptivity  can  reach  significantly  higher  levels  during  the  high 
power  laser  interaction.  An  increase  which  cannot  be  explained  by  the  increase  in  temperature  only. 

The  interaction  between  laser  light  and  metals  is  a  major  physical  phenomena  in  laser  material  processing  and  when  modelling 
processes  the  Drude  free  electron  model  or  simplifications,  such  as  the  Hagen-Rubens  relation,  have  often  been  used. 

This  paper  discusses  the  need  to  extend  the  Drude  model  taking  into  account  interband  transitions  and  anormal  skin  effect  at 
low  light  intensities  and  a  multiphoton  absorption  model  in  order  to  describe  the  increase  in  the  absorptivity  at  high 
intensities.  The  model  will  be  compared  with  experimental  results  carried  out  at  low  power,  and  tested  on  experimental 
absorptivity  measurements  at  high  power  YAG  laser  pulses,  found  in  literature. 

Keywords:  metals'  absorptivity  , , intraband  transition,  interband  transition,  multiphoton  absorption. 

1.  Model  for  absorption  in  metals 


LI  Drude  free  electron  model 


The  Drude  model  [1]  is  based  on  the  assumption  that  in  metals  the  energy  absorption  proceeds  through  the  intermediary  of  the 
electrons  (intraband  transitions),  which  then  transmit,  through  collisions,  their  energy  to  the  crystalline  lattice.  Collisions  will 
occur  over  a  period 


_  I 


eq  1 


.  +  Ted ,  where  Tep ,  Tee  and  Ted  correspond  to  electron  collisions  with  phonons,  other  electrons  and 
impurities  (defects),  respectively.  The  equation  describing  the  electron  movement  in  the  electrical  field  will  then  be: 


Where  T  =  Tep  +  Fg 


m 


^  y  +  rriY  ~  =  -e\E.\^(-i(ot) 
de  dt  ' 


eq  2 


*  ^0 

m  =  m—  eq  3 

y  is  the  electron  position,  co  the  circular  freq.  of  radiation,  and  m*  is  the  effective  mass  defined  by  m,  the  mass  of  the  electron, 
no  the  density  of  valence  electrons,  e  the  charge  of  the  electron,  E,  the  amplitude  of  the  electrical  field  and  n^  the  density  of 
free  electrons. 


The  theory  connects  F  with  the  complex  dielectric  permitivity  Sc  via  conductivity  (a  )  (defined  as  the  ratio  of  the  electric 
current  density  oscillating  in  phase  with  the  electric  field),  and  polarisability,  ap ,  (defined  as  the  current  component 
outphased  at  90°  with  respect  to  the  electrical  field): 


CO, 


rco 


-1  — 


CO  +r  (o((o  +r  ) 


eq  4 
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eq  5 
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L2  Interband  transitions 


For  transitions  metals  interband  absorption  begins  at  arbitrarily  low  energy  [2],  and  i.e.,  it  is  impossible  to  separate  the 
intraband  -  and  interband  transitions. 

The  model  for  interband  transition  is  an  extend  of  the  free  electron  model  with  a  restoring  force  f 


m 


d^y  dy  i  i 

m  r  —  +  f  y  = -e|Ei  I exp(-i6rt) 


eq  6 


The  interband  model  gives  a  contribution  to  the  complex  dielectric  permitivity  : 


,  Ne"  1 

—  1  H - ^ - r - 

m  Sq  oOq -CD  +irco 

Where  N  is  the  density  of  bound  electrons  with  resonance  frequency  (Dq. 


eq  7 


L3  Anormal  skin  effect 

Since  T  decreases  with  the  temperature,  one  can  expect  that  at  very  low  temperatures  the  absorptivity  will  approach  a  zero 
limit.  However,  experiments  performed  in  the  1930s  indicated  that  even  at  the  transition  to  superconductivity  did  not  result  in 
a  substantial  decrease  in  absorptivity.  This  behaviour,  called  the  anormal  skin  effect,  cannot  be  explained  within  the  classical 
theory  and  occurs  whenever  the  free  mean  path  of  the  electrons  become  comparable  with  the  radiation  wavelength  and  the 
penetration  depth.  In  other  words,  the  motion  of  the  electron  becomes  dependent  of  the  value  of  the  electric  field  in  locations 
not  exceeding  the  free  electron  path.  This  effect  originates  changes  in  the  penetration  depth,  reflectivity  and  absorptivity 
calculated  from  the  Drude  theory  [4].  The  effect  on  the  absorptivity  of  the  anormal  skin  effect  can  be  derived  to  an  additional 
absorption  Aa  [4]  [5]  : 


Aa 


3 


eq  8 


Where  Up  is  the  electron  speed  on  the  fermi  surface  (for  metals  »  10^  cm  s"^),  Co  is  the  light  velocity  in  vacuum  and  T  origins 
from  the  free  electron  model. 


2.  Model  versus  Real  Metallic  Surfaces 

The  Drude  free  electron  model  is  often  used  when  modelling  the  interaction  between  laser  light  and  metal  in  the  infrared. 
However,  the  need  of  extending  the  model  with  interband  transitions  and  anormal  skin  effect  is  illustrated  in  the  case  of 
aluminium  in  Figure  1. 


Figure  1  Absorption  models  divided  by  measured  absorption  values  for  Al  at  normal  incidence,  vs.  Wave  Length. 

The  Drude  (free  electron)  model  is  based  on  values  found  in  literature  (see  Table  1).  It  is  possible  to  obtain  a  better  agreement 

in  the  infrared  (IR)  by  fitting  a  COp  value,  however  such  values,  not  found  from  the  plasma  edge,  should  not  be  taken  to 
seriously  [2]. 
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In  the  case  of  aluminium  there  is  more  than  200  interband  transitions  (valence  I, II  and  III)  in  the  region  from  1 50nm  to  2.2iim. 
To  implement  all  transitions  would  make  a  model  too  complicated  therefore  four  Oq  have  been  selected  to  represent  all 
transitions  giving  a  contribution  to  the  complex  dielectric  permitivity: 


_  e 


1 


k  1  m  8o  coo^  -CO  +ir^co 


eq  9 


Three  of  the  four  interband  resonance  jfrequencies  have  been  selected  from  accumulated  strength  of  interband  transition 
(valence  I, II  and  II)  [6],  the  last  COok  is  a  fitted  value  in  the  IR,  since  the  interband  absorption  in  transitions  metals  begins  at 
arbitrarily  low  energy  [2].  The  values  of  Tk  are  obtained  by  numerical  fitting  to  Sc(co),  A(co),  n(co)  and  k(co)  (see  table  below). 


Intraband  coefficients : 

Interband  coefficients : 

no/n^ 

a  (co=0) 

tOp 
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2.11 
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3.61e7 
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1.66el6 

rad  s'' 

6.77el3 
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3.43el5 

2.99el5 

2.33el5 

3.77el4 

Nk  [m'^] 

1.47e29 

7.60e27 

1.92e28 

2.11e27 

Tk  fs''] 

3.59el5 

6.93el4 

8.18el4 

6.8el4 

Table  1  Coefficients  for  the  combined  Intraband-,  Interband-,  and  Anormal  skin  effect  model. 


S.Multiphoton  absorption 


The  experimental  absorption  data  found  in  literature  is  carried  out  at  low  light  intensities.  With  increasing  intensity  the 
absorptivity  of  metals  shows  a  significant  increase  [10].  This  increase  cannot  be  explained  by  temperature  dependency  alone 


[3]. 


Figure  2  Illustration  of  one-  and  two- 
photon  absorption. 


In  the  following  the  increase  in  absorptivity  measured  by  Zavecz  and  Saifi  [3]  on 
copper  is  explained  by  a  simple  model  for  multiphoton  absorption. 

Multiphoton  transitions  or  absorption  occur,  if  two  (or  more)  photons  arrive  at 
the  atom  and  initialise  a  transition  that  takes  twice  (or  n  times,  n  EK+)  the 
incoming  photon  energy,  as  illustrated  in  Figure  2.  The  atom  or  molecule  will  in 
the  case  of  two-photon  absorption  see  the  two  incoming  photons  as  one  with  half 
the  wavelength  and  will  therefore  show  a  higher  absorptivity. 

With  increasing  intensity  it  is  well  known  that  the  energy  levels  of  the  atom  or 
molecules  are  broadened,  shifted  and/or  split  up.  Less  known  is  the  fact  that  the 
probability  of  multiphoton  transition  increases  with  increasing  intensity  [9]. 

A  simple  model  assuming  that  the  possibility  of  a  three-photon  absorption 
follows  an  exponential  distribution  in  the  intensity  (Laser  Power)  gives  the 
probability  of  one-  two-  and  three-photon  absorption  as  given  below. 


Pi  photon  absoT,rion(Laser  Power)  = 

P2pho.onabson>hon(Laser  Power)  =  eq  10 

P3  photon  absorption(Laser  PoWer)  =\-e^  La«rPower 


This  results  in  an  absorption  coefficient  in  the  case  of  YAG  laser  as  shown  below: 


Atot(Laser  Power)  P  i  photon  absorption(l-'aser  Power)  A^=i  06^m 

^2  photon  absorption(i-'aSer  Power)  A^=  0.503 pm  ^  ^ 

P 3  photon  absorption(L’aSer  PoWCr)  A^=:0. 265pm 
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Figure  3  (a)  Absorptivity  behaviour  of  an  oxide-free  coppe 
(b)  Simulation  of  (a)  with  one-  to  three-photon  absorption. 


Time  [nS] 


surface  (no  melting)  illuminated  with  a  YAG  laser  [3). 


Figure  3  (a)  shows  the  absorptivity  behaviour  of  a  copper  surface  irradiate  by  a  YAG  laser.  Next  to  (in  Figure  3(b)) 
the  coefficients  a  and  P  are  fitted  to  describe  the  increase  in  absorptivity.  It  is  clear  that  the  model  is  too  simple,  when  the 
delay  due  to  change  in  perturbation  is  not  considered,  assuming  that  the  optical  constants  for  the  used  wavelengths  are 
unaffected  by  the  intensity  of  the  lasers  light  and  not  including  the  change  in  temperature.  The  model  shows  that  it  is 
reasonable  to  assume  that  three-photon  absorption  takes  place  (at  least  two-photon  when  using  absorption  coefficients  at 
melting  temperature). 


4.  Conclusions 

In  this  paper  the  modelling  of  metals'  absorptivity  has  been  discussed  v^th  focus  on  the  necessity  of  expanding  the  most  used 
model,  the  Drude  free  electron  model  to  obtain  a  good  accordance  with  the  actual  absorptivity  at  low  and  high  light  intensity. 

Through  comparison  with  measurements  found  in  literature,  a  model  including  the  Drude  as  well  as  four  interband  terms  and 
the  anormal  skin  effect  has  been  made  for  aluminium.  This  model  has  in  the  wavelength  range  from  1  to  1 0)iim  a  deviation 
within  the  accuracy  of  the  measurements  (5%)  and  less  than  10%  deviation  in  the  range  from  ISOnm  to  1pm,  which  is  a 
significant  improvement  of  the  Drude  free  electron  model. 

A  multiphoton  model  has  been  introduced  in  order  to  describe  the  increase  in  the  absorptivity  at  high  light  intensities.  This 
model  has  by  comparison  with  measurements  of  the  absorptivity  behaviour  of  an  copper  surface  performed  by  T.E.  Zavecz 
and  M.A.  Saifi  [3]  made  probable  that  two-photon  and  probably  three-photon  absorption  takes  place. 
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Abstract 

Software  supported  process  planning  and  quality  assurance  are  of  main  importance  for  the  realization  of  a 
manufacturing  method  in  laser  beam  welding.  A  novel  software  tool  for  process  planning  and  prediction  of  the 
properties  of  laser  welded  seams  named  CALAS,  i.e.  Computer  Aided  LASering,  is  presented.  Its  stmcture  and 
performance  are  described  in  detail.  The  software  tool  connects  a  physical  model  of  welding  by  CO2  laser 
radiation  to  an  interactive  man/machine-interface  by  simulation  and  visualization.  The  model  considers  five 
fundamental  physical  processes,  absorption  of  laser  radiation  at  the  keyhole  surface  including  multiple  reflexion, 
heat  conduction  in  liquid  and  solid  phase,  melt  flow,  gas  flow  and  heat  conduction  in  the  vapor  phase,  and 
absorption  of  laser  radiation  inside  the  keyhole  volume  (plasma  absorption).  The  effect  of  processing  parameters 
and  the  resulting  geometry  of  the  welded  seam  are  calculated  and  displayed.  The  interface  provides  a  three 
dimensional  visualization  of  the  keyhole  and  the  melt  pool.  Cross  sectional  views  and  longitudinal  sections  may 
by  displayed  two-dimensional.  Besides  typical  parameters  the  beam  characteristics,  such  as  power  density 
distribution,  and  material  properties,  such  as  temperature  dependent  surface  tension  and  heat  conductivity,  are 
included  in  the  calculation,  too.  Due  to  direct  and  fast  prediction  of  process  parameters  and  searn  geometry 
CALAS  serves  as  a  controlling  tool  for  the  operator  at  the  machine  tool,  and  in  a  more  genral  view,  it  serves  as 
tool  for  processing  planning  and  quality  assurance  in  industry. 

Keywords:  laser  beam  welding,  process  planning,  simulation,  modelling,  analytical  approach,  software  tool 

1.  Introduction 

In  computer  aided  tools  engineering  of  laser  beam  welding  the  features  of  the  process  are  accessible  to  process 
planning  by  modelling.  The  main  aim  is  to  interconnect  general  task  planning,  path  planning,  and  process 
simulation  and  to  link  these  functionalities  to  the  sensors  for  process  control.  Fundamental  for  this  is  a  process 
model  which  computes  the  parameters  relevant  for  processing  and  supplies  information  for  the  setup  of  the 
sensors.  Requests  for  information  have  to  be  treated  fast  to  keep  the  planning  procedure  as  short  as  possible. 
Especially  in  re-planning  a  fast  response  is  necessary,  in  order  to  minimize  number  and  duration  of  deadlocks 
between  two  machining  operations.  Hence,  the  speed  of  calculation  has  to  be  optimized  at  simultaneously  high 
accuracy  of  the  results.  To  this  end  a  model-based  simulation  software,  named  CALAS  (Computer  Aided 
LASering)  has  been  developed  and  tested.  This  contribution  describes  the  fundamentals  of  a  process  model  and 
the  physical  processes  required  for  modeling.  Realization  of  the  program  and  the  performance  data  are  reported. 

2.  Fundamentals 

CALAS  describes  the  process  of  deep  penetration  welding  with  continuous  wave  C02“laser  radiation.  Due  to  the 
interaction  of  radiation  and  material  a  capillary  is  formed  by  evaporating  and  ionizing  the  metal.  Material  is  then 
evaporated  at  the  front  and  sides  of  the  capillary.  The  dimensions  of  the  keyhole  are  determined  by  the 
equilibrium  between  the  pressure  of  the  vapor,  the  surface  tension  and  the  static  pressure  of  the  molten  material. 
To  describe  the  process  the  following  partial  processes  are  applied: 

•  transport  and  absorption  of  radiation  by  the  mechanism  of  multiple  reflexion 

•  heat  conduction  in  liquid  and  solid  phase 

•  melt  convection 

•  convection  and  heat  transfer  in  the  vapor/plasma  phase  in  the  keyhole 

•  absorption  of  radiation  in  the  vapor/plasma  in  the  keyhole. 

The  description  of  the  deep  penetration  welding  process  is  based  on  two  assumptions: 

•  the  process  is  stationary  in  a  system  of  coordinates  fixed  to  the  axis  of  the  laser  beam 

•  heat  and  mass  transfer  perpendicular  to  the  surface  of  the  workpiece  are  neglected. 
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Thus,  the  three-dimensional  problem  is  reduced  to  a  two-dimensional  one.  For  discretization  the  workpiece  is 
virtually  split  up  into  layers.  In  each  layer  the  energy  coupling,  heat  conduction  in  solid  and  liquid  phase,  and 
mass  transfer  are  calculated  independently.  After  determining  the  dimensions  of  the  keyhole,  the  heat  flow,  the 
melting  isotherms  and  hence,  the  geometry  of  the  melt  pool,  are  calculated  by  solution  of  the  heat  conduction 
equation. 


Discretization  of  the  Workpiece 


Calculation  of  Capllary  Radius 

Iteration  with 

truncation  at:  iteration  of  capillary 

radius  r^  at 

. .  ►  pressure  equilibrium 

Truncation  due  to 

^  P  Ji)  >  power  balance 


Calculation  of  the  Melt  Pool  Geometry 


Results: 

b,(z) 

■■kiW 

Wz) 


Figure  1:  Discretization  of  the  workpiece  and  calculation  of  the  melt  pool  geometry 


Absorption  by  the  laser-induced  plasma  is  described  by  the  Lambert-Beer’s  law 

P(z)  =  P(z  =  0) 

where  P(z=0)  is  the  incident  power  and  a  is  the  plasma  absorption  coefficient. 

Absorption  of  radiation  at  a  metallic  surface  approximately  takes  place  within  the  optical  penetration  depth  which 
is  small  compared  to  the  thickness  of  the  material.  No  transmission  of  radiation  takes  place  at  material  thickness 
greater  than  absolution  length,  i.e.  the  absorptivity  A  can  be  calculated  from  A  =  1  -  R.  The  reflectivity  R((p=0)  at 
perpendicular  incidence  is  determined  by  the  Hagen-Rubens  relation 

«(*>  =  0)  =  1- 


where  =  27rv  and  a  denotes  the  electrical  conductivity  of  the  material. 

The  absorptivity  and  their  dependence  on  the  angle  of  incidence  (p  of  laser  radiation  follows  from  the  Fresnel 
formulas.  For  perpendicular  (s)  and  parallel  (p),  polarization  the  absorptivity  is  given  by 

/  X  2  ,  ,2 
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/-Sin  <p 


cos 


(p+y/ 


andAp  = 


n/  cos 


2  •  2 

/—Sin  (p 


cos<p+ \J n^—s,\r?(p 


The  propagation  of  the  beam  is  described  by  means  of  geometrical  optics.  In  each  layer  the  power  density  is 
determined  by  ray  tracing  and  superposition.  The  calculation  is  carried  out  for  the  s-  and  p-polarized  parts  of  the 
radiation  separately.  Reflexions  originating  from  deeper  layers  are  neglected. 

Heat  transfer  is  considered  as  conductive  and  convective  energy  transport.  Using  temperature-averaged  values  of 
the  thermal  properties  it  is  described  by 

mVJ  =  tcAT. 
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The  boundary  conditions  at  the  surface  of  the  capillary  are  given  by  the  energy  absorbed.  This  condition  leads  to 

_  r^andT(r  ->  oo)  =  Tq. 


dn 


The  melt  flow  is  assumed  as  a  stationary  potential  flow  around  a  cylinder.  After  transforming  the  polar 
coordinates  (r,9)  to  the  streamlines  of  the  flow  by  conformal  mapping  (ri,Q  the  two-dimensional  temperature 
field  results  to 

i.e.  the  temperature  profile  becomes  only  dependent  on  the  power  density  and  the  Peclet  number. 

3.  Mode  of  operation 

Operation  of  GALAS  requires  the  following  input  parameters 

•  beam  parameters:  focal  radius,  aperture,  focusing  number,  and  power  density  distribution 

•  thermo-physical  properties  of  the  material:  melting  and  boiling  temperatures,  latent 
heats  of  melting  and  boiling,  plasma  absorption  coefficient,  and  reflectivity. 

•  processing  parameters:  beam  power,  feed  rate,  and  relative  focal  position. 

Beam  and  processing  parameters  are  dependent  on  the  laser  machine  tool.  They  can  be  varied  by  moving  the 
scrollbars  on  the  user  interface.  From  a  parameter  set  an  initial  seam  geometry  is  calculated.  This  step  is  called 
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Figure  2:  Information  flow  chart 

"coarse  planning".  The  second  step  "fine  planning"  consists  of  altering  the  processing  parameters  at  fixed  beam 
parameters  (Fig.  2).  The  latter  remain  constant  because  they  are  properties  of  a  special  machine  tool 
configuration.  Iteration  leads  to  the  desired  shape  of  the  seam  cross  section.  If  the  result  is  satisfactory  the 
resulting  parameter  set  and  the  geometrical  data  either  are  printed  as  a  worksheet  or  transferred  to  the  quality  test 
station  and,  after  post  processing,  to  the  laser  machine. 

These  function  are  enabled  by  working  of  GALAS  as  TCP/IP  server.  By  this  the  simulator  is  linked  to  an 
autonomous  production  cell  which  covers  all  functions  necessary  for  planning  and  control  of  the  laser  beam 
welding  process  on  line.  GALAS  supplies  processing  parameters  to  a  CAD  system  for  path  plannning  and 
generation  of  NC  data.  Furthermore  simulated  data  are  utilized  for  adjusting  and  initializing  control  devices. 
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4.  Performance 


To  estimate  the  calculation  speed,  the  features  of  the  software  physical  model,  graphics  display,  and  TCP/IP 
interface  have  to  be  regarded  as  separate  parts.  The  time  of  computation  amounts  to  0.1  s  each  complete 
claculation.  Displaying  the  results  requires  about  0.2  s.  The  transfer  of  the  data  depends  on  the  utilization  ratio  of 
the  network  to  which  GALAS  is  coupled.  Therefore  the  time  for  transfer  can  be  quoted  in  an  order  of  magnitude 
of  several  seconds.  Typical  computation  times  of  models  utilizing  FEM  or  FVM  amount  to  several  hours. 
Empirical  approaches  lack  of  universality  since  they  are  based  on  experimental  results.  Qualitative  results  of  the 
benchmark  test  are  shown  in  Fig.  3.  One  result  of  the  comparison  between  experimental  and  calculated  results  by 
regarding  the  welding  depth  is  shown  in  Fig.  3.  Bead  on  plate  welds  were  carried  out  in  a  flat  sheet  of  mild  steel 
with  a  carbon  content  up  to  0.2%  (St  52-3,  1.0570).  The  beam  parameters  were  fixed  to  F  =  7.1,  rp  =  175  pm,  and 
Pp  =  3000  W  at  a  mode  TEM,o*.  In  the  range  of  medium  feed  rates  1  m/min  ^  <  6  m/min  a  good  agreement  is 


calculatec/^^ 


Figure  3:  Results  of  the  program  test  by  benchmarking  and  comparison  between  measurement  and  calculation 


obvious.  The  maximum  deviation  amounts  to  ±5%.  Further  tests  revealed  a  higher  deviation  at  high  feed  rates  up 
to  12  m/min.  This  error  is  caused  by  the  model  assumption  that  the  capillary  is  circular  and  perpendicular  to  the 
surface  of  the  workpiece.  In  real  processing  the  change  of  shape  and  inclination  of  the  keyhole  will  lead  to  an 
altering  of  the  optical  energy  absorbed. 


5.  Conclusion 

A  simulation  software  CALAS  for  process  planning  and  optimizing  is  presented.  It  utilizes  a  model  of  deep 
penetration  laser  beam  welding  in  an  analytical  formulation  which  is  linked  to  a  graphics  display  and  a  data 
transfer  interface  to  the  machine  tool.  Due  to  applications  in  production  planning  at  the  workbench  it  offers  high 
performance  data.  The  time  required  for  one  computation  amounts  1/10  of  a  second.  Results  are  displayed  on 
screen  after  200  ms.  Since  CALAS  works  as  a  TCP/IP  server  data  transfer  to  every  system  in  a  network  is 
possible.  The  modularity  of  the  program  enables  a  quick  and  easy  extension  of  its  functionalities.  Future  work 
will  concentrate  on  extending  the  simulation  capabilities  by  adding  process  models  of  other  techniques  of  laser 
materials  processing,  i.e.  cutting  and  transformation  hardening.  Furthermore  the  scope  of  materials  will  be 
enhanced.  Also  the  use  of  Nd:YAG  laser  radiation  will  be  implemented  to  meet  the  requirements  of  todays 
industrial  applications. 
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Abstract 

The  thermo-mechanical  coupling  of  pulsed  laser  radiation  with  matter  is  affected  by  surface  plasmas  and  ablation.  Studies 
concerning  these  transient  effects  were  carried  out  at  ISL  with  a  pulsed  C02-laser. 

In  thin  layers,  depending  on  the  skin  depths  and  absorptivities,  the  transformation  or  vaporisation  temperatures  can  be 
reached  even  within  a  single  pulse.  In  the  initial  stage  the  ignited  plasmas  are  partially  transparent  for  the  laser  radiation  and 
enhance  the  coupling  due  to  energy  transfers  from  this  plasma  to  the  target.  At  a  later  time  the  rapidly  expanding  plasmas  tend 
to  shield  the  target.  The  temporal  development  of  these  plasmas  and  the  ablation  of  material  from  the  surface  were  recorded 
with  a  high-speed  video  camera.  The  dependencies  of  the  shielding  effects  on  laser  parameters  and  material  properties  were 
investigated  additionally  by  plasma  transmission  measurements. 

Keywords;  C02-laser,  interaction  laser-matter,  surface  plasma,  plasma  propagation,  plasma  shielding. 


1  INTRODUCTION 

For  materials,  which  are  not  transparent  at  the 
wavelength  of  the  laser  radiation,  the  skin 
depth  is  in  the  range  of  a  few  pm  and  below. 
Energy,  absorbed  in  thin  surface  layers,  is 
transferred  into  the  underlying  material  due  to 
thermal  conductivity. 

multi-segment-mirror 
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laser 
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difi^sor  power  detector 


Faraday-cage 


material  b)  surface  plasma  c)  air  plasma 

Figure  1:  Coupling  mechanisms  and  plasma  formation 

For  metals  with  their  low  absorption  coefficient  the  energy 
transfer  is  limited  to  a  few  percent  and  the  heating  is  rather 
low  (figure  1 ),  Above  a  material  dependent  power  threshold, 
plasmas  with  a  higher  absorption  than  the  bulk  material  are 
ignited  on  the  surface.  Due  to  continued  absorption  these 
plasmas  expand  along  the  inverse  laser  direction.  This  laser 
supported  absorption  wave  (LSA)  can  be  divided  into  two 
kinds,  the  laser  supported  combustion  wave  (LSC)  and  the 
laser  supported  detonation  wave  (LSD)  [1].  Indirect  energy 
transfer  from  the  surface  plasma  to  the  bulk  material  causes 
an  enhanced  heating  of  a  thin  surface  layer  (figure  lb)  [2]. 
Besides  this  thermal  effect  a  mechanical  momentum  is 
transferred  to  the  target,  affecting  the  ablation  of  molten 
material. 

For  power  densities  in  the  range  of  GW/cm^  the  ignition  of 
plasmas  can  occur  in  the  atmosphere  in  front  of  the  target  [2]. 
Due  to  their  low  transmittance  the  target  is  nearly  shielded 
from  the  laser  radiation.  As  a  consequence  the  surface 
heating  is  rapidly  decreased  (figure  lb). 


Figure  2:  Schematic  setup 


2  EXPERIMENTAL  SETUP 


The  setup  scheme  is  given  in  figure  2,  the  temporal  pulse  shape  in  figure  3  [3].  The  ZnSe  beam  splitter  (reflectivity  3%)  splits 
the  laser  radiation  for  power  and  diagnostic  purposes.  The  telescope  and  the  right  concave  mirror  improve  the  initial  poor 
spatial  laser  beam  quality. 

For  a  gas  pressure  of  196  mbar  and  a  gas  mixture  CO2 :  He  :  N2  -  1  :  10  :  4  the  pulse  energy  was  24  J  at  a  pulse  length  of  20 
ps  and  a  peak  power  of  3.4  MW. 


f; 
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The  average  power  of  the  system  at  the  maximum  repetition  rate  of  100  Hz  was 
2.5  kW.  The  spot  size  on  the  target  were  adjusted  to  1  cm  *  1  cm. 

3  PROPAGATION  OF  THE  SURFACE  PLASMAS  AND 
SHIELDING  EFFECTS 

PCO-Dicamll  processes  on  the 

target  with  drilling 


power  detector 

(photon-drag)  1^ 


Figure  3:  Temporal  pulse  shape 


target  surface  like  ®  ^ 

plasma  ignition  and  ®  ^5  30  35 

expansion  were  reg¬ 
istered  with  a  PCO-  Figure  3:  Temporal  pulse  shape 
DICAM  IT  video 

camera.  The  amplification  time  of  the  multi-channel  tube»  which  is 
a  governing  factor  of  the  exposure  time  of  the  camera,  was  chosen 
to  Tg  =  50  ns  as  a  compromise  of  noise  and  sharpness.  A  photon- 
drag  detector  mounted  at  the  rear  of  the  target  registered  the 
transmitted  laser  signal  through  a  hole  with  a  diameter  of  1  mm, 
which  was  drilled  into  the  target.  This  setup  shown  in  figure  4 
allowed  the  drawing  of  conclusions  concerning  the  shielding 
properties. 


Figure  4:  Registration  setup  3.1  PMMA 

Laser  irradiation  of  PMMA  is  attended  with  a  light  zone  as  can  be 
seen  in  figure  5.  Their  brightness  is  small  compared  to  the  plasma  brightness  in  the  examples  below.  The  laser  pulse  energy 
was  24  J.  The  time  Af  is  measured  from  the  beginning  of  the  laser  pulse. 

The  fast  expanding  light  zone  reaches  initial 
maximum  velocities  up  to  14(X)  m/s  and  is  propa¬ 
gating  in  the  inverse  laser  direction  despite  the 
orientation  of  the  target.  The  material  ejection 
with  maximum  velocities  of  about  280  m/s  is  ob¬ 
served  with  a  delay  to  the  laser  pulse  and  occurs 
A/=13ps  A/ =  51  us  perpendicular  to  the  target  surface  [1,4], 

The  registered  transmitted  signals  are  shown  in 
Figure  5.  Expansion  of  the  light  zone  and  material  ablation  figure  6  for  two  different  pulse  energies.  The  pulse 


At=lps  A/  =  51ps  P^ndiculartotheti 

The  registered  transr 

Figure  5:  Expansion  of  the  light  zone  and  material  ablation  figure  6  for  two  differ 

shape  in  both  cases  is  different  from  the 

original  undisturbed  signal.  The  peak  is  T  mm  ^ 

transmitted  nearly  undisturbed,  temporal  late  0-6  '  i  HMI  1.5 

parts  of  the  pulse  become  weaken  mostly  ^  0-4  i  i 

due  to  vaporised  material.  ^2  ||y  ” 

3.2  Varnished  sheet  metal  o  ^ 

In  figure  7  recordings  from  the  short-time  0  20  40  q 

exposure  camera  of  pulses  with  an  energy  of 

24  J  on  a  target  of  varnished  sheet  metal  are  Pi  ,  Transmitted  sig 

shown.  The  upper  row  shows  the  interaction 

of  the  first  laser  pulse  on  the  undisturbed  varnishing,  the  lower  a  second  pulse  on  the  same  target. 


20 

time  [gs] 


Figure  6:  Transmitted  signals 


During  the  first  pulse  the  plasma  is  attached  to  the  surface  only  in  the  initial  phase  of  the  laser  pulse.  The  plasma  expansion 
velocities  in  this  case  reached  values  up  to  4(XX)  m/s  as  can  be  seen  from  figure  9. 

After  this  pulse  the  varnish  with  its  high  absorption  in  the  infrared  is  removed  and  for  subsequent  pulses  the  plasma  is 
attached  to  the  surface  during  the  total  time  of  the  laser  radiation.  The  expansion  velocity  of  the  plasma  front  is  in  the  range  of 
the  velocity  of  the  first  pulse. 
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Figure  7:  Plasma  expansion 
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Figure  9:  Propagation  of  the  plasma  front  plasma  becomes 

opaque  after  some  ps 

leading  to  a  rapid  decline  of  the  transmitted  power  signal.  The  beginning  of 
this  decline  decreases  with  the  removal  of  the  varnish  and  the  shielding 
becomes  more  abrupt.  As  can  be  seen  from  the  right  diagram  in  figure  8,  an 
increased  pulse  energy  augments  the  built-up  of  the  plasma  and  the  shielding 
tends  to  previous  moments. 
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Figure  9:  Propagation  of  the  plasma  front 


3.3  Varnished  copper 

A/  1.  pulse  2.  pulse  The  results  for  cop- 

per  varnished  with  a  Y^\gure  8:  Transmitt 
black  paint  layer  at  a  dependency  of  I 

pulse  energy  of  24  J 
are  shown  in  figure  10. 

The  observations  are  40.00  t 
similar  to  the  result  ob-  ^ 
tained  with  sheet  metal  ^  30.00  - 
mentioned  in  the  section  ^  20.00  -- 

before.  During  the  first  B 

®  10  00  -- 

pulse  the  plasma  is  at-  *3 

tached  only  for  a  short  0.00  4—* 

time  to  the  surface.  Dur-  1 

ing  the  second  pulse  the 
rear  side  of  the  plasma  is  40.00  t 
attached  to  the  surface  for  30.oo  -  I 
the  total  pulse  length.  ^ 

The  plasma  front  expands  ' 

with  velocities  up  to  ®  10.00  -- 

1 800  m/s  for  pulse  2 

energies  of  24  J.  With  °  °° 

decreasing  pulse  energy 
Figure  10:  Short-time  exposure  camera  recordings  ti,e  expansion  velocity  Figure  11: 

declines  to  1 100  m/s  for  a  pulse  energy  of  1 1  J. 

In  figure  1 1  results  from  an  energy  reflection  measurement  are  shown  for  two  different  energy  values. 
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Figure  8:  Transmitted  signals  and  energy 
dependency  of  the  shielding  time 


3.  pulse 


I  10.00 


Figure  1 1:  Energy  reflectivity 
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For  the  first  pulse  the  high  absorbing  varnish  effects  only  a  low  reflection.  As  the  coating  is  removed  the  reflectivity  of  the 
bare  metal  is  increased.  The  ignition  of  surface  plasmas  after  removal  of  the  varnish  has  an  opposite  effect  on  the  reflectivity 
due  to  their  high  absorption. 

3.4  Mirror  coated  with  a  gold  layer 

Instead  of  a  high  absorbing  surface  layc^ 
mirrors  are  topped  with  a  high  reflec*m:e 
coating.  Nevertheless,  due  to  strong  ia^er 
radiation,  the  mirror  surface  can  be  danr  iged 
[5].  The  short-time  exposure  camera  rec  ord- 
ings  for  a  mirror  coated  with  a  gold  layf  r  are 
shown  in  figure  1 2  at  a  pulse  energy  of  2 


i16j  |»24  J  a26.^J 


4.  pulse 


1.  2.  3.  4.  pulse 

Figure  1 3;  Energy  reflectivity  and 
shielding  time 

enlarged  (figure  14). 


Figure  1 2:  Short-time  exposure  camera  recordings 

The  surface  attached  plasma  again  propagates  along  the  inverse  laser  direction. 
T;  V  corresponding  energy  dependency  of  the  reflectivity  and  the  shielding  time 
are  shown  in  figure  13. 

For  low  pulse  energies  no  plasmas  were  ignited,  the  incident  laser  radiation  was 
mainly  reflected.  At  higher  pulse  energies  surface  plasmas  were  ignited  early 
resulting  in  a  reduced  reflectivity. 

3.5  Brass 

The  plasma  ignition  threshold  in  this  ioo  x  ♦  ♦  ♦ 

case  was  rather  high  and  so  the  reduced 

reflectivity  due  to  plasma  absorption  g®®  "  «  ♦24j  *26  4 

occurs  only  for  high  energy  densities.  ^0  -- 

Even  for  a  pulse  energy  of  24  J  only  -g 

the  first  pulse  ignited  a  plasma  at 

impurities  on  the  surface.  Subsequent  ^20  -  ^ 

pulses  on  the  bare  surface  are  nearly  ^  \  \  ^  \  \ 

reflected  for  100%.  Pulse  energies  1  2  3  4  pulse 

above  25  J  causes  the  recurred  ignition 

of  surface  plasmas  resulting  in  the  25  -- 

reduction  of  the  reflectivity  shows  an  20  ^  ^  ^ 


4.  pulse 
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ABSTRACT 

The  problem  in  optimising  the  laser  cutting  process  is  outlined.  Basic  optimisation  criteria  and  principles  for  adapting 
an  optimisation  method,  the  simplex  method,  are  presented.  The  results  of  implementing  a  response  function  in  the 
optimisation  are  discussed  with  respect  to  the  quality  as  well  as  the  productivity. 

Keywords:  laser  cutting,  multicriteria  optimisation,  weighted  response,  simplex  method,  2.5  mild  steel,  roughness,  burr. 

1.  mTRODUCTION 

In  [  1]  the  problem  of  optimising  the  laser  cutting  process  is  explained.  In  the  paper  we  argued  that  the  optimisation  of 
the  laser  cutting  process  can  be  categorised  as  a  multicriteria  type,  and  that  the  following  order  of  priority  should  be  used  in 
the  optimisation  process: 

1 .  Obtain  a  satisfactoiy  quality  ,  and 

2 .  optimum  productivity, 

as  a  cut  with  a  poor  quality  performed  under  high  productivity  is  useless.  An  adapted  version  of  a  modification  of  the 
simplex  method  was  implemented  in  a  number  of  optimisation  series.  The  only  quality  characteristic  that  was  used  to 
evaluate  the  laser  cut  items  was  the  roughness.  When  a  satisfactory  roughness  (field  1  according  to  DIN  2310  [  3  ])  was 
obtained,  the  cutting  speed  was  maximised.  The  optimisations  were  carried  out  in  2mm  Mild  Steel,  2mm  AlMg3  and  3mm 
AISI3 16.  For  all  series  a  remarkably  better  roughness  (decreases  up  to  67%)  as  well  as  higher  productivity  (up  to  135  % 
increases  in  the  cutting  speeds)  were  achieved.  But  for  the  optimisation  in  2mm  Mild  Steel  some  dross  attachment  appeared, 
which  emphasis  that  the  quality  should  be  evaluated  by  more  characteristics  than  the  roughness.  In  [  2  ]  it  was  demonstrated 
that  it  is  possible  to  obtain  a  satisfactory  quality  of  the  cut  only  by  comparing  the  samples  when  using  the  optimisation 
algorithm.  This  is  important,  as  it  shows  it  is  possible  to  find  a  parameter  combination  which  result  in  a  cut  where  all 
relevant  quality  characteristics  are  satisfactory.  Indicating  that  if  the  right  quality  characteristics  are  chosen  it  must  be 
possible  to  make  a  quantitative  response  that  reflects  the  overall  quality.  The  response  should  be  calculated  based  on  a 
combination  of  the  measured  values  of  the  quality  characteristics,  as  a  quantitative  judgement  speeds  up  the  time  spent  on 
the  optimisation  as  well  as  it  result  in  a  more  objective  evaluation  of  the  laser  cut. 

Therefore  the  main  purposes  of  this  paper  are  to  1)  create  response  functions  for  some  of  the  main  quality 
characteristics,  2)  advance  different  strategies  of  how  various  optimisation  series  should  be  carried  out  in  order  to  reach  the 
wanted  quality  as  well  as  a  high  productivity,  and  3)  test  and  evaluate  one  of  the  strategies  experimentally. 

2.  CREATION  OF  A  RESPONSE  FUNCTION  FOR  THE  QUALITY 

Table  1  Classification  of  the  Since  the  optimisation  in  2mm  Mild  Steel  [  1  ]  had  resulted  in  a  satisfactory 

roughness  according  to  roughness  but  not  a  satisfactory  burr  height,  it  was  decided  to  include  both  the  burr 

DIN23 10  (where  ‘a’  is  the  height  and  the  roughness  as  quality  characteristics  in  the  optimisation.  The  following  is  a 

material  thickness)  presentation  of  how  the  quality  functions  for  the  two  characteristics  were  created,  and 

suggestions  of  how  to  combine  them  in  a  response  function  so  a  quantitative  estimate  of 
the  cut  quality  can  be  determined. 

In  DIN  23 10  [  3  ]  instructions  of  how  to  classify  the  quality  of  a  laser  cut  surface  are 
given.  As  shown  in  Table  1  the  standard  divides  the  roughness  into  three  groups 
depending  on  the  material  thickness.  Though  the  standard  deals  with  classification  of  the 
quality,  no  guidelines  for  the  classification  of  the  appearance  of  burr  are  presented.  In 
Table  2  a  suggestion  of  how  to  classify  the  burr  height  in  three  different  fields  based  on  the  recommendations  in  [  4  ]  is 
presented.  Contrary  to  the  classification  of  the  roughness  it  appears  that  the  burr  height  does  not  depend  on  the  material 
thickness. 


Rou^ness 

rm 

0<Rz<10+2a 

1 

10+2a<Rz<30+3a 

2 

30+3  a<Rz<60+4a 

3 
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The  demands  on  the  quality  may  vaiy  depending  on  the  Table  2:  Classification  of  the  burr  height  based  on  the 
purpose  of  the  laser  cut  item.  If  the  best  quality  must  be  obtained,  recommendations  in[  4  ]. 


f(Rz)= 


Rz 

\0+2a 

R~{\Q^2a)  . 

(30+3a)-(10+2fl)  '  +  A 


/?-(30-f3Q) 

(60+4fl)-(30-f3a) 


•7  +  4 


i?-(6CH-4a) 

(60f4fl)-(30+3fl) 


•10  +  11 


,0<Rz<10+2a 
,10+2a<R2<30+3a 
,  3 0+3 a<Rz<60+4a 
,60+4a>Rz 


(1) 


it  means  that  the  both  the  roughness,  Rz,  as  well  as  the  burr 
height  should  be  in  field  1. 

The  creation  of  the  quality  functions,  is  based  on  some  basic 

burr  height  ,0^urr<0.05 

0  05 


Burr  height 

Application 

;  Classification 

1) 

Above  field  3 

+2.5 

+1 

Corners  with 

Field  3 

permitted 

+0.5 

burr 

+0.3 

+0:1 

chamfer/rounding 

Field  2 

+0.05 

+0:02 

1  Sharp  corner 

Field  1 

I)  Additional  sizes  according  to  requirement 

burr  height-0  OS  ,0.05<burr<0.5 

0  5-0  05  ^  ^  ^ 

g(burr  height)-  ^  •  7  +  4  ,0.5<burr<2.5  (2) 

burr  height-2  5  .  ^  .  ,2.5>burr 

2  5-0  5  lW-t-11 

principles  in  operational  research.  Interested  readers  may  find  more  about  the  subject  in  [  7  ].  The  quality  function,  f,  for 
was  created  as  a  penalty  function  as  it  appears  in  equation  1 .  Meaning  that  a  roughness  in  field  3  is  given  a  relatively  higher 
value  than  a  roughness  in  field  2,  so  the  optimisation  is  ‘‘forced”  in  the  right  direction. 

In  order  to  impose  the  same  weight  on  the  quality  characteristics,  the  quality  function  for  the  burr  height,  g,  in  equation 
2,  was  created.  In  this  way  a  burr  height  or  a  roughness  situated  relatively  the  same  place  in  one  of  the  fields  would  be  given 
the  same  value,  when  using  its  quality  functions. 

Since  the  simplex  method  only  deals  with  one  response  the  two  quality  functions  have  to  be  combined.  A  way  to  do  this 
is  by  weighting  the  quality  functions  in  the  following  way: 

Quality  response  =  a tf(Rz)  +  /39g(burr  height)  , where  a+P=}  (3) 


3.  OPTIMISATION  METHOD 

In  the  following  a  very  brief  introduction  to  some  of  the  basic  principles  in  the  modified  and  adapted  simplex  method  are 
presented  ,as  this  is  important  for  the  evaluation  of  the  optimisation  afterwards.  The  method  is  described  in  [  5  ]  and  the 
original  computer  programme  of  the  algorithm  the  adapted  method  is  based  on  is  presented  in  [  6  ].  Some  of  the  principles 
that  have  been  introduced  to  fit  the  method  for  the  laser  cutting  process  can  be  found  in  [  1]. 

The  optimisation  is  initialised  with  a  simplex  design.  A  simplex  design  consists  of  k+1  parameter  combinations  when  k 
parameters  are  to  be  optimised.  Consequently  the  initial  design  in  the  simplex  method  consists  of  three  laser  cuts 
(performed  with  three  different  parameter  combinations)  when  two  parameters  take  part  in  the  optimisation,  and  five  laser 

cuts  when  four  parameters  are  to  be 
optimised  as  it  was  the  case  in  these 
experiments.  When  all  experiments  in  the 
design  have  been  carried  out,  the  responses 
are  compared  and  the  one  with  the  worst 
response  is  substituted  by  its  image.  In  this 
way  a  new  parameter  combination  (corner) 
is  found  and  an  experiment  with  this 
combination  shall  be  carried  out.  This 
comer,  together  with  the  remaining  corners 
form  a  new  simplex  design,  which  then  is 
evaluated  as  explained  above.  In  this  way 
the  algorithm  proceeds  until  a  maximum  or 
a  minimum  is  reached. 

As  explained  previously  a  satisfactory 
quality  should  be  obtained.  Therefore  the  quality  response  function  is  used  as  response  until  both  the  roughness  as  well  as 
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the  burr  height,  for  all  the  corners  in  the  simplex,  are  in  field  1.  When  this  is  achieved,  the  responses  in  all  the  comers  of 
the  simplex  are  replaced  by  their  parameter  setting  of  the  cutting  speed.  The  optimisation  algorithm  then  continues  with  the 
cutting  speed  as  response. 

In  Figure  1  the  principle  of  an  optimisation  with  two  process  parameters,  is  illustrated.  The  quality  response  is 
considered  as  a  mountain  scenery  (please  note  that  this  obviously  just  is  an  illustration  of  how  the  quality  response  is 
connected  with  the  process  parameters,  in  order  to  facilitate  the  understanding  of  the  optimisation).  It  appears  that  until  all 
comers  in  the  triangle  are  in  field  1  (the  grey  area)  the  quality  response  is  used  as  response,  hereafter  the  cutting  speed  is 
used  as  response.  In  this  way  the  experiments  are  forced  towards  the  minimum  until  all  comers  are  in  field  1.  Hereafter  the 
experiments  are  forced  in  the  direction  of  an  increased  cutting  speed  as  long  as  the  both  quality  characteristics  belongs  to 
field  1. 

Another  question  that  need  to  be  investigated  is  when  the  optimisation  process  should  be  stopped.  In  the  original 
computer  programme  [  6],  the  simplex  is  contracted  when  the  optimisation  gets  nearer  to  an  optimum,  that  is  the  distance 
between  the  corners  in  the  simplex  design  is  reduced.  The  optimisation  is  stopped  when 

\hi2hest  response  -  lowest  response\ 

2*  - p- - j  <  ftol,  (4) 

\ highest  response^  -¥\lowest  responsel 

where  the  highest  response  refers  to  the  comer  with  the  highest  response  in  the  last  simplex  design.  Analogously  the  lowest 
response  refers  to  the  corner  with  the  lowest  response.  In  the  adapted  optimisation  programme  ftol=0.1. 

4.  EXPERIMENTAL  PROCEDURE 

All  experiments  have  been  carried  out  with  a  3kW  C02-laser  PRC 
3001.  The  variable  process  parameters,  shown  in  Table  3,  were 
chosen  as  only  quantitative  variables  can  take  part  in  the  simplex 
method.  In  the  table  the  weighting  of  the  quality  functions  is  also 
shown.  It  appears  that  the  quality  functions  for  the  roughness  and  the 
burr  height  were  equally  weighted.  This  weighting  was  chosen  as  it 
was  the  first  optimisation  series  with  a  multiresponse  for  the  quality. 

Before  the  actual  simplex  optiniisation  was  started,  a  preliminary 
design  of  experiments  was  carried  out,  so  sufficient  information  was 
gained  in  order  to  create  the  initial  simplex  design.  For  this  purpose  a 
2"*'^ -factorial  design  (that  is  8  experiments)  was  carried  out.  The 
experiments  were  evaluated  by  using  the  quality  response  in  Table  3. 

5.  DISCUSSION  OF  THE  OPTIMISATION 

The  parameter  combination  in  the  preliminary  experiments  with  the  best  quality  response  fulfilled  the  demands  to  the 
quality  as  well  as  it  had  a  higher  cutting  speed  (3.4  m/min)  than  the  one  suggested  by  the  operator  (for  that  parameter 
combination  the  cutting  speed  was  2.4  m/min  and  a  satisfactory  cut  quality  was  not  obtained).  Consequently  already  the  goal 
of  reaching  a  satisfactory  cut  quality  as  well  as  an  increase  in  the  cutting  speed  of  42%  was  achieved  in  the  preliminary  8 
experiments.  Based  on  these  experiments  the  simplex  optimisation  was  started  and  39  experiments  were  carried  out. 

The  maximum  cutting  speed  during  the  optimisation  is  shown  in  the  Figure  2.  It  appears  that  the  maximum  cutting 
speed,  which  also  had  a  satisfactory  cut  quality,  increased  until  experiment  number  24.  None  of  the  following  parameter 
combinations  in  the  optimisation  that  had  a  higher  cutting  speed  resulted  in  a  satisfactory  cut  quality.  By  examining  Figure 
3,  it  appears  that  the  variety  of  the  measured  burr  heights  increases  drastically  at  about  5  m/min.  The  figure  also  shows  that 
the  roughness  decreases  when  the  cutting  speed  is  increased,  though  at  about  5  m/min  the  observed  roughnesses  are  more 
spread.  These  tendencies  indicates  that  the  maximum  limit  of  the  cutting  speed  has  been  reached.  In  Figure  2  the  relatively 
difference  between  the  comer  with  maximum  and  the  one  with  the  minimum  cutting  speed  in  the  latest  simplex  is  shown. 
As  this  difference  nearly  stops  decreasing  even  though  the  cutting  speed  has  reached  a  maximum,  it  indicates  that  changes 
should  be  add  to  the  stop  criterion  in  the  programme  for  in  this  way  prevent  that  too  many  useless  experiments  are  carried 
out. 


Table  3  Optimisation  conditions. 


Slum  Mid  Sleel 

Variable  ^ 

Gutting  speed 

process 

Power  (CW) 

parameters 

Gas  pressure 

Focus  point  position 

Goal 

Rz^lSpin 

Burr  ;tei^t^0;G5mm 

Max.  cutting  speed 

Quality  response^ 

G.5*f(Pz)+0.5*g(biirr  height) 

*  Only  quantitative  process  parameters  can  take  part  in  the  simplex  optimisation 
^  The  quality  functions  for  the  roughness  and  the  burr  height  are  found  in  page  2 
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XRz  O  Burr  height 


(niax-min)/|max+rrinj  G  max.  speed 


Experiment  number 


Figure  2  The  relatively  difference  between  the  maximum 
and  minimum  response  in  the  simplex,  and  the  maximum 
cutting  speed  achieved  during  the  optimisation. 


Cutting  Speed  (m/mln) 


Figure  3  Connection  of  the  two  quality  characteristics 
and  the  cutting  speed  plotted  for  all  measurable 
experiments  in  the  optimisation. 


6.  CONCLUSION 

Response  functions  for  the  roughness,  fCRz),  and  the  burr  height,  g(burr  height),  have  been  developed.  It  has  been 
suggested  that  a  quality  response  =  a»f(Rz)+(3*g(burr  height), where  a+p=l,  should  be  used  as  quality  response  until  a 
satisfactory  cut  quality  has  been  obtained.  An 
optimisation  series  for  a=p=0.5  has  been  carried  out  in 
2.5mm  Mild  Steel,  The  optimisation  turned  out 
successfully,  as  it  resulted  in  a  satisfactory  cut  quality 
as  well  as  an  increased  cutting  speed  which  was  an 
inci  ci  se  in  the  productivity  of  about  100%.  In  Table  4 
the  results  of  the  optimum  parameter  combination  is 
shown.  This  parameter  combination  was  reached  in 
approximately  2.5  hours,  and  could  be  handled  by  a 
trained  laser  operator  as  the  method  had  been  developed 
for  a  computer  programme.  The  evaluation  of  the 
results  showed  that  it  may  be  possible  to  improve  the  method  even  more  by  changing  the  stop  criterion.  In  this  way  it  can  be 
avoided  that  the  optimisation  proceeds  despite  the  maximum  limit  of  the  cutting  speed  has  been  reached. 
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Table  4  Optimum  parameter  combination  (reached  after 
32  experiments  (incl.  the  8  preliminary  experiments)) 


l.Stnin  IVKld 

ippliat;  '  . 

Optiitmm 

paramefe 

cpinbitiaftpH 

Cutting  speed 

2.4  m/min 

4.87  m/min 

103%t 

Burr  height 

0.04  mm 

0.02  mm 

50%i 

Roughness  Rz 

18pm 

7.2  pm 

60%i 
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ABSTRACT 

During  pulsed  laser  cutting  of  aluminum  with  a  repetetively  pulsed  CO2  laser  a  strong  correlation  between 
quality  of  the  cut  judged  by  the  burr  height  and  electron  density  of  the  laser  induced  plasma  on  the  surface  and  in  the 
kerf  occurs.  The  electron  density  is  supervised  by  an  absorption  experiment  and  can  be  adjusted  by  the  pulse  duration,  A 
feedback  loop  based  on  a  comparison  between  the  actual  absorption  signal  and  an  absorption  set  point  on  the  one  hand 
and  a  variation  of  the  laser  pulse  duration  on  the  other  hand  is  developed  to  provide  an  in  situ  control  of  the  quality  of 
the  cut.  The  system  works  suitable  for  different  sheet  thicknesses  and  for  outlined  cuts.  The  results  of  optimized  cuts  are 
introduced. 

Key  words:  laser  cutting,  quality  of  the  cut,  feedback  loop  system,  burr  reduction, 

outlined  cutting 


1.  INTRODUCTION 

The  realization  of  an  optimum  quality  in  laser  material  processing  of  metals  is  still  basing  on  expensive,  time 
wasting  trial  and  error  methods.  Aim  of  this  work  is  a  systematic  investigation  of  the  dependences  of  some  parameters 
influencing  the  process  quality.  A  quality  saving  feedback  loop  is  developed  utilizing  the  results  of  these  investigations. 
With  a  microwave-excited  pulsed  oscillator  amplifier  CO2  laser  system  the  opportunity  is  given  to  reach  high  maximum 
pulse  power  <  900  kW,  high  pulse  repetition  rates  <  200  kHz,  average  power  <  4,5  kW  and  a  good  beam  quality  near 
K=l.  The  pulses  are  formed  with  a  mechanical  chopper  wheel  performing  pulse  durations  from  minimum  2  ps  to  cw. 
For  more  details  see  [1,2].  Varying  one  of  the  parameters  like  pulse  duration  t,  focus  position  Zf  and  rate  of  feed  of  the 
sheet  v  and  keeping  constant  the  others  we  study  the  influence  on  the  quality  of  the  cuts  judged  by  the  burr  height.  To 
develop  a  feedback  loop  it  is  important  to  know  a  process  variable,  which  is  coupled  to  the  burr  height  and  can  be 
modified  directly  by  the  experimentor.  Such  a  quantity  is  the  absorption  of  a  probing  laser  beam  due  to  the  laser  induced 
surface  plasma.  Therefore  the  time  resolved  measurement  of  the  plasma  absorption  is  a  useful  mean  to  control  the 
surface  plasma  during  laser  cutting. 


2.  ABSORPTION  EXPERIMENT 


A  reasonable  mean  to  investigate  the  plasma  absorption  due  to  inverse  bremsstrahlung  is  to  use  a  probing  IR  HeNe  laser 
at  X  =  3,39  pm.  Free  electrons  gain  energy  during  a  three-body  collision  by  absorbing  a  photon.  To  assume  the 
conservation  of  momentum  a  third  particle  has  to  receive  the  residual  momentum.  Such  particles  can  be  ions  or 
neutrals.  In  a  laser  produced  plasma  electron-ion  collisions  are  of  major  relevance,  much  more  than  collisions  between 
electrons  and  neutrals.  To  calculate  the  energy  absorption  we  have  to  know  the  collision  rate  for  electron-ion  collision 
Vei,  which  follows  from: 

4  V^Z^e'^nglnA 
^  3(4718o)" 


with  the  Coulomb  logarithm  In  A. 

If  cop  and  Vgj  « co,  the  frequency  of  the  probing  laser  beam,  the  absorption  coefficient  can  be  writter 

4  ^^2^i7.-zW\l\nA 


a,;  =■ 


2 

CO  V 
p  ei 


cco^  3(47180)^8. 


47t“c^(mk3T) 


(2) 
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The  absorption  coefficient  is  proportional  to  7}.  So  it  is  useful  for  attaining  a  reasonable  absorption  level  to  choose  a 
light  source  with  a  comparatively  long  wavelength.  Restrictions  for  the  wavelenghts  are  due  to  the  wanted  small  beam 
diameter. 


Fig.  1.  Plasma  diagnostic  unit 


surface  plasma 


external  interference 


Fig.  2.  Setup  of  feedback  loop 


The  schematic  of  the  absorption  experiment  is  shown  in  Fig.  1  and  in  [3,4,5].  The  use  of  an  IR  HeNe  laser  represents  a 
good  compromise  between  high  enough  absorption  level  and  spatial  resolution.  The  probing  laser  beam  is  focussed  into 
the  surface  plasma,  which  has  a  typical  size  of  400  pm.  The  diameter  of  the  focus  (d  =  150pm)  is  small  enough  to 
deliver  a  spatial  resolution  of  the  plasma.  The  transmitted  radiation  is  selected  from  the  emission  spectrum  of  the 
plasma  utilizing  a  narrow  bandpass  filter  and  is  detected  with  a  InAs  diode. 


3.  EXPERIMENTAL  SETUP  OF  THE  FEEDBACK  LOOP 

The  diode  signal  S  is  proportional  to  the  transmitted  intensity.  Measuring  the  signal  in  the  case  of  a  free  passing 
and  a  chopped  beam  the  setup  can  be  calibrated  in  order  to  avoid  errors  due  to  temperature  drift  of  the  diode.  The 
provided  diode  signal  is  digitized  by  a  fast  AD  converter  with  a  sample  rate  of  10  MHz.  A  digital  signal  processor 
(DSP)  picks  up  the  digitized  signal  and  computes  an  average  absorption  value,  which  is  compared  with  a  set  point 
provided  by  the  PC,  see  Fig.  2.  If  the  absorption  signal  S  oclon^  is  too  large,  this  means  that  the  electron  density  is  too 
large.  The  actual  electron  density  is  strongly  correlated  to  the  pulse  peak  power.  To  decrease  the  pulse  peak  power  the 
pulse  duration  has  to  be  increased.  With  a  pulse  repetition  rate  f  =  22,5  kHz  kept  constant.  Sir)  behaves  as  shown  in 
Fig.  3.  The  actual  pulse  duration  can  easily  be  adjusted  by  means  of  a  mechanical  chopper  wheel,  which  contains  90 
triangular  slots  on  its  circumference.  Moving  the  wheel  perpendicular  to  the  laser  beam  the  pulse  duration  can  be 
changed.  The  displacement  of  the  wheel  is  realized  by  a  linear  motor,  which  moves  forward  100  |j.m  in  25  ms.  The 
difference  between  set  point  and  mean  absorption  to  be  found  is  a  measure  for  the  displacement  of  the  chopper  wheel 
required  to  minimize  this  difference. 


4.  EXPERIMENTAL  RESULTS 

To  obtain  a  realistic  set  point  of  absorption  for  the  feedback  system  it  is  necessary  to  investigate  experimentally 
the  influence  of  pulse  duration,  focus  position  and  rate  of  feed  of  the  workpiece  on  the  formation  of  the  burr.  The 
experimental  results  for  different  sheet  thicknesses  are  shown  in  Fig.  4-6.  From  Fig.  4  one  may  obtain  the  optimum 
value  of  the  pulse  duration  leading  to  a  minimum  burr  plotted  here  for  different  sheet  thicknesses.  At  low  pulse  duration 
(below  say  7  ps)  no  metal  will  be  molten,  because  the  electron  density  in  the  plasma  has  become  too  large.  So  the 
metallic  surface  is  shielded  against  the  laser  irradiation.  If  the  laser  is  working  continuously,  only  a  wetik  plasma  will  be 
ignited  on  the  metal  surface  or  in  the  kerf,  so  that  the  release  of  molten  metal  will  only  be  insufficiently  or  not  be 
supported.  There  also  e.xists  an  optimum  rate  of  feed  belonging  to  a  minimum  burr  depending  on  the  sheet  thickness  as 
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shown  in  Fig.  5.  The  optimum  rate  of  feed  decreases  with  growing  sheet  thickness.  If  the  rate  of  feed  is  larger  than  the 
optimum  value,  the  metal  melts  incompletely. 


pulse  duration  in  s 


pulse  duration  in  p  s 


Fig.  3.  Dependence  of  the  rel.  absorption  on  pulse  Fig.  4.  Dependence  of  burr  height  on  pulse 

duration  for  different  rates  of  feed  duration  for  different  sheet  thicknesses 


0  10  20  30  40  -8  -6  *4  -2  0  2  4 

rate  of  feed  of  workpiece  in  mm/s  focus  position  over  surface  in  mnn 


Fig.  5. Dependence  of  burr  height  on  rate  of  Fig.  6.  Dependence  of  burr  height  on  focus 

feed  for  different  sheet  thicknesses  position  for  different  sheet  thicknesses 
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whereas  at  lower  rates  of  feed  the  influence  of  probably  superheating  or  gas  flow  instabilities  become  noticeable.  The 
focus  position  should  lie  in  the  middle  of  the  sheet,  see  Fig.  6.  If  the  focus  position  is  aligned  too  high,  the  kerf  surface 
becomes  more  and  more  grainy  because  the  surface  oxidizes  due  to  an  increased  admixture  of  oxygen  to  the  inert 
process  gas.  The  kerf  reaches  a  minimum  dimension  if  the  beam  waste  is  positioned  to  the  middle  of  the  sheet. 

With  these  experimental  results  it  is  possible  to  choose  an  optimized  set  of  parameters  for  a  given  sheet  thickness  and  to 
stabilize  the  quality  of  the  cut  by  controlling  the  absorption  of  the  surface  plasma. 


Fig.  7a-d  visualizes  the  result  of  a  controlled  cut  of  a 
sheet  having  a  step,  whereby  the  thickness  decreases 
from  8  mm  to  2,5  nun.  On  the  left  side  of  Fig.  7a  the 
cutting  process  starts  uncontrolled.  The  relative 
absorption  is  comparatively  low.  At  t=0s  a  trigger  starts 
the  feedback  system,  see  Fig.  7b.  Because  the  absorption 
set  point  is  fixed  to  10%,  the  feedback  system  detects  an 
actual  absorption  signal,  which  is  too  low.  Therefore 
the  pulse  duration  is  decreased  until  the  averaged 
absorption  signal  reaches  10%,  see  Fig.  7b+d.  When  the 
step  is  reached,  there  is  a  sudden  decrease  of  the  actual 
absorption,  so  that  the  feedback  system  reacts  by 
reducing  the  pulse  duration  in  order  to  hold  the 
absorption  set  point.  Fig.  7c  displays  the  motion  of  the 
linear  motor.  A  positive  number  of  steps  means  a 
displacement  of  the  chopper  wheel  into  the  CO2  laser 
beam  to  decrease  the  pulse  duration.  A  negative  number 
of  steps  means  a  displacement  out  of  the  beam, 
respectively.  The  rate  of  feed  of  the  workpiece  is 
v=4mm/s. 


Fig.  7  a-d:  The  quality  control  system  cutting  a  step 
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ABSTRACT 

It  is  known  that  comparatively  smaU  beam  divergence  and  sufficiently  high  beam  intensity  of 
CO2  lasers  give  possibility  of  their  application  in  various  technological  processes,  that  demand  distant 
interaction.  The  results  of  some  technological  applications  of  continuous  wave  (CW)  and  high 
repetition  rate  (HRR)  C02-lasers  with  average  power  up  to  50  kW  are  presented.  It  is  shown  that 
these  lasers  can  be  used  in  the  field  of  nuclear  power. 

Keywords:  C02-laser,  laser  cutting,  laser  welding,  laser  treatment  of  the  concrete. 

1.  HIGH-POWER  CQo-LASERS  FOR  TECHNOLOGICAL  APPLICATIONS. 

The  TRINITI  devotes  much  effort  to  scientific  and  engineering  studies  of  low- temperature 
plasma  that  have  resulted  in  creation  of  the  fast-flow  gas  discharge  lasers.  The  first  soviet 
technological  CW  C02-laser  LT-1  produced  up  to  5  kW  of  the  output  power.  This  laser  has  been 
commercially  available  since  1989  and  successfully  applicable  in  more  than  10  different  industrial 


fields.  The  parameters  of  the  family  of  these  lasers  are  shown  in  Table  1.^ 

Table  1 

LTl-2 

LTl-3m 

Max.  output  power,  kW 

5.5 

9 

Cavity  type 

unstable 

unstable 

Stable 

Output  spot  pattern 

ring 

ring 

disk 

Beam  divergence,  rad 

0.6-110-3 

110-3 

210-3 

Gas  mixture  N2:C02:He 

9:1:6 

Operation  mode 

continuous  or  pulse-periodic 

continuous 

Size,  m 

2.2  X  4.2  X  3.5 

They  feature  a  triple  mixture  circulation  through  the  entire  loop,  active-medium  low  pressure 
(30-60  Torr)  and  resonator  alignment  with  the  discharge  area.  Lasers  with  a  closed  loop  have  a 
decrease  in  output  power  because  of  changes  in  mixture  composition  due  to  chemical  processes.  The 
solution  to  this  problem  resides  in  partial  renovation  of  the  working  gas  mixture  (0.5-1%)  or  in 
addition  of  stabilizing  substances  to  the  laser  mixture.  The  best  experimental  results  were  obtained 
with  the  additive:  1.7%  CO2  +  1.4%  H2. 


Table  2 


PARAMETERS 

Gas  mixture 

CO2  -  N2  -He 

0.06  :  1  :  0.5 

CO2  -  air 

0.05  :  1 

Output  radiation  power,  kW 

50 

35 

Electrooptical  efficiency  % 

10  -  12 

6  -  9 

Gas  pressure  in  the  discharge  chamber,  mmHg 

50  -  120 

30  -  80 

Radiation  divergence,  lO’^  rad 

0.5  -  1.0 

0.5  -  1.0 
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There  are  also  two  open-cycle  fast-flow  pilot  industrial  CO2 -lasers  with  average  power  of 
about  50  kW  in  TRINITI,  namely  CW  CO2 -laser  pumped  by  self- sustained  discharge  and  high 
repetition  rate  CO2 -laser  pumped  by  e-beam  controlled  discharge.  The  main  parameters  of  these 
lasers  are  shown  in  Tables  2-3.- 


Table  3 


PARAMETERS 

Gas  mixture 

CO2  -  N2  -  He 
1:6:3 

CO2  -  N2  -  H2O 
1:9:  0.06 

Output  radiation  power,  kW 

50 

40 

Electrooptical  efficiency,  % 

13 

10 

Gas  pressure  in  the  discharge  chamber,  mmHg 

760 

760 

Radiation  divergence,  10'^  rad 

0.5  -  1.0 

0.5  -  1.0 

Pulse  duration,  ps 

50  -  100 

50  -  100 

Pulse  repetition  rate,  Hz 

100 

100 

2.  LASER  CUTTING 


Here  are  some  possible  examples  on  the  powerful  laser  application.  Available  applications  of 
the  powerful  lasers  described  above  are  mainly  based  on  three  technological  processes,  including 
cutting,  welding  and  surface  treatment.^ 

The  advantages  of  laser  cutting  were  the  following:  the  opportunity  of  the  remote  interaction, 
the  opportunity  of  cutting  the  bulky  construction,  high  quality  of  cut  surface,  high  cutting  speed  and 
the  minimum  zone  of  the  thermal  influence. 

Critical  cutting  thickness  depends  not  only  on  laser  beam  power  but  also  on  the  cutting  beam 
velocity.  The  plot  shown  in  Fig.l  represents  dependence  of  the  thickness  of  a  steel  plate  to  cut  on 
the  cutting  velocity  for  the  laser  average  power  of  25  kW.  In  the  cutting  technology  in  question,  an 
additional  gas  flow  (N2,  Ar  or  He)  is  used  to  increase  a  cutting  efficiency  due  to  removal  of  a  molten 
metal.  As  to  dependence  of  the  maximum  cut  thickness  on  the  laser  beam  power,  one  may  roughly 
estimate  the  maximum  thickness  in  mm  as  a  half  of  the  beam  power  above  5  kW  and  cutting  velocity 
about  1.5-2  m/min. 


0  -  experimental  data  o  ,  expenmentaJ  dats 

Fig.  1  Dependence  of  the  material  thickness  d  on  Fig.  2  Dependence  of  the  thickness  of  the  welding 
the  cutting  speed  V  material  A  on  the  mean  radiation  power  W. 


We  have  also  carried  out  experiments  on  distant  remote  cutting  of  pipeline  components  made 
of  a  stainless  steel  with  the  diameter  of  80  mm  and  wall  thickness  of  4  mm  typical  for  atomic  power 
plant.  Using  the  30  kW  CW  laser  we  were  able  to  cut  the  pipe  at  the  rate  of  0.6  m/min  with  external 
inert  gas  flow  without  the  tube  rotation. 

The  investigations  of  the  possibility  of  laser  cutting  of  used  reactor  fuel  were  made  because 
the  remote  mechanical  cutting  is  rather  complicated  and  has  a  low  lifetime.  The  experimental  setup 
was  built  in  radiochemical  department  of  Radium  institute.  This  setup  consists  of  LT-1  laser, 
compartment  for  cutting  with  positioning  system,  system  for  analyzing  of  volatile  products  and 
aerosols,  beam  delivery  and  adjustment  system.  Three  used  fuel  elements  were  exposed  to  laser 
cutting.  Their  weights  were  126,  115  and  132  g  and  lengths  were  235,  218  and  242  mm.  16  cuts  on 
the  first  fuel  element  and  10  cuts  on  the  second  and  third  were  made.  For  used  fuel  elements  the 
main  parameters  of  laser  cutting  irradiated  heat-generating  elements  WWER-365  with  burning  out 
11600  MW  days/T  and  exposition  of  about  3  years  are  shown  in  Table  4. 


Table  4 


Diameter  of  heat-generating  element 

9.1  mm 

Rotation  speed 

3  revs/s 

Technological  gases  consumption 

3  I/s 

Laser  radiation  power 

3  kW 

Time  of  one  cut 

<1.5  s 

Cut  width 

<0.9  mm 

Conversion  of  material  into  melt 

~0.35  g/cut 

Conversion  of  material  into  aerosol 

~1.5  g/cut 

Gas  output  by  laser  opening 

~3  % 

Aerosol  concentration 

~50  g/m3 

Specific  activity  of  gaseous  phase 

-5.10-2  Ci/m3 

3.  LASER  WELDING 


Laser  welding  has  several  advantages  over  commonly  used  weldiag  techniques:  the  welding  is 
done  by  only  one  pass  without  additional  edge  treatment,  high  welding  speed,  minimum  zone  of  the 
thermal  influence,  absence  of  the  weld  strength  and  the  increasing  of  the  weld  corrosion  resistance. 

Critical  welding  thickness  of  a  carbon  steel  versus  average  laser  beam  power  is  shown  in 
Fig. 2.  The  dependence  is  close  to  a  linear  one.  We  have  also  welded  a  stainless  plate  with  the 
thickness  of  20  mm  with  a  laser  beam  of  25  kW. 

The  main  parameters  of  laser  welding  of  holders  of  safety  system  of  RBMK  reactors  as  well 
as  argon  shielded  arc  welding  are  shown  in  Table  5. 


Table  5 


Welding  parameters 

Laser  welding 

Ar-arc  welding 

Beam  (arc)  power,  kW 

3 

6 

Welding  velocity,  m/hr 

90 

12.5 

Welding  time,  s 

6.2 

140 

Protective  gas  consumption,  1/weld 

3.1  (He) 

64  (Ar) 

Electric  energy  consumption,  k  Whr/weld 

0.05 

0.23 

The  welding  pool  has  a  form  of  a  “flute”,  wide  near  the  surface  and  narrow  near  the  bottom. 
The  welding  depth  was  about  3.5-4  mm.  Testing  showed  that  the  joint  strength  in  the  case  of  laser 
welding  is  not  less  then  in  the  case  of  arc-welding.  The  laser  welded  joint  satisfies  the  requirements 
of  exploitation.  440  articles  for  atomic  power  plant  were  welded  with  the  use  of  our  technology.  All 
these  articles  were  tested  and  used  on  the  Ingalinskaya  atomic  power  plant. 
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During  number  of  years  joint  efforts  of  specialists  of  TRINITI  and  one  of  the  shipbuilding 
plants  were  directed  on  the  development  of  the  technology  of  pipe  welding  in  pipe  lattices  of  Ti- 
aUoy  heat  exchangers.  The  main  requirements  of  the  process  are  high  degree  of  reliability  and  hence 
necessity  of  achieving  of  welding  depth  4  mm  in  the  case  of  pipe  wall  thickness  1  mm.  Using  all  our 
experience  and  making  experiments  on  welding  special  samples  we  succeeded  in  developing  the 
technology  fitting  aU  necessary  requirements. 

4.  LASER  TREATMENT  OF  THE  CONCRETE 

The  removing  of  surface  layers  of  concrete  with  the  thickness  of  5-10  mm  was  made  by  the 
pulsed  beam.  Laser  beam  pulsed  power  density  was  varied  between  10^  and  10®  W/cm^  at  the  pulse 
duration  of  40  ^is  and  at  the  repetition  rate  of  100  Hz.  As  you  can  see  (Table  6),  there  exists  the 
mode  when  efficient  concrete  surface  shelling  and  falling  off  occur.  The  surface  destruction  depth  is 
proportional  to  the  number  of  laser  pulses,  it  reaches  8  mm  when  the  number  of  pulses  is  about 
200.  This  means  that  the  process  can  be  efficiently  used  to  deactivate  rooms  in  the  course  of 
dismantling  and  emergency  works  at  nuclear  power  plants. 


Table  6 


Laser  radiation  power  density, 

W/cm2 

EFFECT  OF  INTERACTION 

Average 

In  pulse 

<  103 

<2  103 

The  essential  change  of  the  surface  properties  is 
not  observed 

(1.5  -  3.0)  103 

(3  -  6)  105 

Destruction  of  the  concrete  surface  is  observed. 
The  destruction  depth  is  proportional  to  the 
number  of  radiation  pulses 

>  5  103 

VD 

o 

A 

The  concrete  melting  with  the  glass  like  layer 
appearing  is  observed. 

5.  CONCLUSION 


The  results  of  the  investigations  allow  to  conclude  that  powerful  CW  and  HRR  C02-lasers 
can  be  used  in  different  industries  including  atomic  industry. 
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ABSTRACT 


Basic  laser  processes  involved  in  high  average  power  laser  target  interaction  include  nonlinear  optical  effects.  Energy 
transfer  rates  are  largely  influenced  by  surface  induced  plasma  phenomena.  Current  investigations  are  related  to  plasma 
enhanced  energy  coupling  mechanisms  by  using  repetitively  pulsed  COa-laser  radiation.  The  laser  system,  presently 
available  at  ISL,  provides  bursts  of  pulses  with  energies  of  20  to  30  J/pulse.  Repetition  rates  can  be  set  arbitranly  up  to 
100  pps.  Peak  powers  of  the  individual  pulses  in  the  multi-MW-range  are  attained  with  average  powers,  determined  by  the 
repetition  rate  up  to  3  kW.  According  to  the  type  of  material  under  investigation,  the  required  power  densities  have  been 
adapted  by  suitably  chosen  focussing  conditions.  Experimental  results  are  reported  and  discussed  concerning  the  behaviour 
of  various  target  materials.  Emphasis  was  put  on  the  study  both  of  dielectric  and  semiconducting  materials.  A  few  examples 
have  been  chosen  which  are  of  common  technical  interest  for  laser  protective  devices  in  an  industrial  environment  or  in 
other  fields  of  high  power-density  laser  applications. 

Keywords:  High  power  lasers,  laser-target  interaction,  laser  induced  plasmas,  laser  generated  mechanical  stresses,  high 
speed  photography,  laser  diagnostics,  shadowgraphy,  interferometry. 

1.  INTRODUCTION 


In  order  to  achieve  efficient  energy  transfer  in  laser  beam  target  interaction,  laser  beam  parameters  have  to  be  optimized  and 
adapted  to  the  material  dependent  requirements.  Laser  characteristics  include  the  overall  power  or  energy  capability  to  ^ 
extracted,  the  emission  wavelength,  as  well  as  the  maximum  achievable  energy  densities  or  power  densities,  respectively  in 
any  target  plane.  In  the  mid-infrared  spectral  range  considered,  most  dielectric  materials,  even  those  with  high  transparency 
in  the  visible,  are  optically  opaque.  In  contrast  to  metals,  these  materials  are  strongly  absorbing  in  most  cases  and  only 
partially  reflecting  the  incident  radiation.  Optical  transparencies  of  this  type  are  therefore  frequently  termed  ‘’out  of  band”- 
materials  with  respect  to  the  infrared  laser-wavelengths.  Typical  penetration  depths  are  of  the  order  of  several  tens  of  pm.  In 
contrast,  so-called  ” in-band”-  materials  (optical  components  for  the  visible  or  infrared  spectral  ranges  or  optronical 
devices)  are  characterized  by  high  transparencies  at  the  considered  wavelengths.  A  few  examples  of  this  class  of  materials 
shall  be  considered  as  well.  Process  optimization  for  the  given  wavelength  (10.6  pm)  was  shown  in  the  past  to  be 
achievable  by  temporally  modulating  the  radiation  and  by  adapting  power  and  repetition  rates,  correspondingly  the  ratios  of 
peak  power  densities  to  average  power  densities,  to  the  special  type  of  target. 

2.  BASIC  PHYSICAL  PROCESSES 

The  heating  rates  of  any  type  of  material  are  determined  by  absorbed  power  densities  or  energy  densities,  respectively.  An 
increase  of  incident  flux  conditions  provides  faster  thermal  target  response  (Juasi-explosively  developing  plasma 
processes  are  observed  at  intensities  typically  above  the  multi-MW-  to  GW-range  which  are  easily  achievable,  even  with 
current,  commercially  available  pulsed  lasers.  Plasma  ignition  thresholds  depend  both  on  laser  wavelengths  and  material 
characteristics.  Below  „cut-off‘-  electron  densities  (n^c  »  10^^  cm"^  at  10.6  pm)  increased  thermal  coupling  is  provided  by 
largely  thermalizing  the  incident  radiation  with  electron  temperatures  of  the  order  of  20  000  to  40  000  K,  as  small-scale 
measurements  have  revealed  under  similar  flux  and  fluence  conditions 

Additionally  mechanical  effects  have  to  be  taken  into  account.  They  are  rapidly  built  up,  even  in  the  lower  fluence  range  due 
to  thermomechanically  induced  processes.  At  power  densities  above  plasma  ignition  threshold,  further  contributions  are 
provided  by  absorption  wave  induced  mechanical  shocks  of  the  so-called  LSC-  or  LSD-type  If  sufficient  laser  energy  is 
provided  to  achieve  surface  temperatures  above  the  transformation  temperatures  or  vaporization  temperatures,  respectively, 
recoil  momenta  due  to  the  ejection  of  material  are  additionally  acting  mechanically  on  the  bulk  of  any  material. 
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3.  EXPERIMENTAL  SET  UP  AND  DIAGNOSTICS 


The  experimental  set-up  is  shown  schematically  in  fig.l. 
Laser  beam  diagnostics  include  simultaneous  measurements 
of  energies  and  temporal  pulse  shapes,  both  of  single  pulses 
and  bursts  of  arbitrary  lengths.  The  various  diagnostics 
methods  used  for  studying  the  plasma  controlled  thermal  and 
mechanical  effects  on  targets  are  not  shown  explicitly. 
Special  schemes  for  this  purpose  were  developed  in  ^e  past 
and  have  been  currently  used  in  the  meantime.  Visualization 
has  been  obtained  by  using  fast  streak  or  framing  cameras 
and  image  converters,  as  well  as  by  applying  various  laser 
diagnostic  optical  methods  (photographic  and  videographic 
imaging). 

Figure  1.  Experimental  set-up 


3.1  High-speed  photographic  recording 

Recordings  of  this  type  provide  the  necessary  information  on 
thermodynamic  plasma  parameters,  established  after  the  ignition  of 
absorption  waves,  during  their  fast  expansion  and  subsequent 
decay.  Three  rotating  mirror  streak  camera  recordings  of  absorption 
wave  plasmas,  induced  by  C02-laser  pulses  on  quartz  windows  are 
shown  as  a  first  example  in  fig.  2.  Fluences,  above  the  plasma 
ignition  threshold,  in  a  range  of  several  tens  of  J/cm^,  are  stepwise 
increasing  from  left  to  right.  Efficient  energy  transfer  both  requires 
plasmas  to  be  optically  thin  and  not  to  be  detached  from  the  surface. 
This  last  stringent  condition  is  violated  in  the  case  of  the  highest  of 
the  three  fluences  shown.  There,  breakdown  already  occurs  in  front 
of  the  target  in  the  surrounding  air.  From  the  ignition  center,  two 
plasma  fronts  are  then  seen  to  propagate  in  opposite  directions,  one 
towards  the  incident  laser  beam  and  the  other  one  towards  the 
target  surface  which  is  only  reached  after  a  considerable  lack  of 
time. 

Figure  2.  C02-laser  induced  plasmas  on  quartz  windows 


3.2  Laser  diagnostic  techniques 

The  basic  interest  in  the  present  investigations  has  been  in  studying  dielectric  materials  (transparent  in  the  visible,  opaque 
in  the  infrared)  by  using  various  optical  diagnostic  methods.  An  interesting  result,  referring  to  plexiglass  (PMMA) 
windows,  is  shown  in  fig.  3.  A  properly  synchronized  frequency  doubled  Nd-laser  has  been  used  as  a  light  source  for 
shadowgraphic  recordings.  Due  to  the  transparency  of  PMMA,  simultaneous  information  is  provided  by  this  method  both  on 
plasma  effects  in  the  surrounding  air  (ignition,  expansion  velocity,  opacity)  and  on  acoustic  waves  and  shockwaves  inside 
the  target.  Further  results  for  polycarbonante  ^C),  see  fig.  4  were  obtained  with  a  slightly  modified  experimental  set-up, 
comprising  additionally  two  crossed  polarizers.  This  polarizational-optical  method  allows  for  direct  visualization  of  thermo¬ 
mechanical  stresses  inside  the  PC,  suitable  for  subsequent  quantitative  evaluation  with  nanosecond  temporal  resolution  half¬ 
widths  (15  to  20  ns)  of  the  diagnostic  laser  pulses.  Excellent  spatial  resolution  has  been  obtained  as  well  in  spile  of  the 
rather  poor  optical  quality  of  the  PC-samples.  Further  results,  for  a  few  specific  materials  and  laser  irradiation  conditions, 
have  been  worked  out  recently  by  M.  Althaus  These  measurements  were  aimed  at  determining  spatial  distributions  and 
temporal  developments  of  electron  temperatures  and  electron  densities  inside  surface  induced  plasmas  by  means  of 
spectroscopic  and  interferometric  methods. 
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Figure  3.  C02-laser  impact  on  PMMA,  plasma  ignition 
and  mechanical  compression  waves  formation 


Figure  4.  C02-laser  impact  on  polycarbonate,  visualization 
of  external  plasmas  and  intern^  mechanical  stresses 


4.  REPETITIVELY  PULSED  TARGET  EFFECTS 


It  has  to  be  stated  that  plasma  controlled  energy  transfer  in  the  mode  at  high  repetition  rates  caimot  be  tmderstood  without  a 
detailed  knowledge  of  the  above-mentioned  single  pulse  effects.  In  fact,  basically  similar  processes  are  occurring 
repeatedly,  allowing  an  accumulation  and  transfer  of  large  amounts  of  laser  energy  at  high  average  power  levels.  Depending 
on  repetition  rates,  on  time  constants  and/or  relaxation  times  during  interaction,  the  total  energy  consists  of  the  sum  of  the 
individual  pulse  contributions.  To  demonstrate  some  different  possible  target  responses,  two  materials  under  various 
experiment^  conditions  shall  be  discussed  briefly  in  the  following. 

As  a  first  example,  damage  effects  of  plastic  windows  (PMMA),  subject  to  high  average  power  density  pulse  trains  are 
shown  in  Fig.  5.  For  pulse  trains,  fast  heating  and  quasi-explosive  boiling,  resulting  in  fast  structural  changes  of 
transparencies,  are  observed  at  lower  fluences  than  in  die  single  pulsed  mode  (which  are  typically  of  the  order  of  4  to 
5  J/cm^.  The  optical  quality  of  such  types  of  plastic  components  (windows,  filters,  lenses)  is  strongly  affected.  The 
transmission  losses  are  caused  by  rapid  thermal  outgassing  close  underneath  the  surface  (in  a  skin  layer  corresponding  to 
the  penetration  depth  of  the  laser  radiation)  within  a  few  tens  of  nanoseconds.  Due  to  the  fast  heating  and  cooling, 
resulting  bubbles  cannot  escape  from  the  highly  viscous  surface.  Different  mechanisms,  however,  are  responsible  for 
other  dielectrics  transparencies,  such  as  for  glass,  quartz  or  other  optical  substrates.  Thermally  induced  stresses  and 
subsequent  surface  microcracks  are  building  rapidly  up  in  these  cases,  resulting  in  the  observed  roughness  and  changes 
of  the  modulation  transfer  function.  For  visualization,  an  interferometric  method  has  been  set  up  and  used  which  yields 
information,  both  on  damage  threshold  intensities  and  on  spatial  frequency  dependent  optical  contrast  variations.  The 
interferograms  of  the  PMMA-samples  in  Fig.  5  reveal  the  losses,  induced  even  by  short  bursts  of  five  pulses  only,  at 
rather  low  fluences  below  2.5  J/cm%  as  well  as  the  dependency  on  the  repetition  rate.  For  comparison,  an  interferogram 
prior  to  the  impact  has  been  included. 

•  The  second  example  chosen  gives  the  response  of  infrared  transparent  materials.  In  this  ‘’in-band”-case,  energy 
deposition  occurs  inside  the  volume.  Some  results,  concerning  germanium  shall  briefly  be  discussed.  Fig.  6  shows  two 
photographs  of  effects  which  have  been  induced  by  bursts  of  16  and  32  pulses  at  repetition  rates  of  100  pps  and  fluences 
of  44  J/cm^  per  pulse  which  is  above  the  surface  plasma  ignition  threshold.  A  slight  increase  of  the  surface  roughness  is 
even  provided  by  single  pulses  at  these  fluence  levels.  Noticeably  stronger  deteriorations,  however,  are  found  by 
increasing  the  number  of  pulses,  as  can  be  seen  for  the  two  pulse  trains  in  the  upper  part  and  lower  part  of  fig.  6.  Even 
the  shorter  pulse  train  induced  degradation  would  be  capable  of  introducing  strong  scattering  losses,  if  these  materials 
were  used  in  an  IR-optical  measuring  device  or  imaging  system.  For  longer  bursts,  the  thermo.mechanical  stresses  are 
rapidly  leading  to  an  increased  crack  formation  and  to  macroscopic  fragmentation  of  the  samples,  as  shown  in  Fig.  6. 


641 


Figure  5.  laser  induced  transparency  changes  of  PMMA  Figure  6.  laser  induced  transparency  changes  of  Ge 

5  pulses,  22  J/  pulse,  2.5  J/cm^  1  /  10  /  100  pps  16  /  32  pulses,  22  J/  pulse,  44  J/cm^,  100  pps 

5>  CONCLUDING  REMARKS 

The  experiments  performed  at  ISL  give  a  valuable  insight  into  the  physics  of  the  transient  processes  of  pulsed  laser  target 
interaction,  both  on  surface  effects  in  case  of  opaque  (‘’out-of  band”)-materials  and  on  volume  effects  for  (‘’in-band”) 
transparent  materials.  For  most  plastics,  strong  degradations  of  optical  qualities  are  generated  by  fluences  down  to  a  few 
J/cm^,  causing  transmission  losses,  if  used  in  optical  systems  or  windows.  Different  mechanisms  were  found  responsible  for 
infrared  materials  such  as  Ge,  ZnSe,  MgF2  which  are  frequently  used  in  high  power  lasers,  in  laser  diagnostic  systems  or  in 
optronic  imaging  devices.  Specific  results  were  given  for  Ge.  The  few  examples  discussed,  reveal  the  interest  and  the 
importance  for  many  fields  of  industrial,  medical  and  defense  related  laser  applications. 
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ABSTRACT 


TEA  CO2  laser  ablation  deposition  of  iron  and  zirconium  elemental  layers  has  been  investigated  for  the  production  of 
the  FeZr  magnetic  system.  Measurement  of  the  individual  deposition  rates  has  allowed  the  production  of  bilayers  on 
borosilicate  glass  substrates.  The  magnetic  response  and  structure  of  these  films  has  been  measured  using  a  vibrating 
sample  magnetometer  (VSM)  and  x-ray  diffraction  (XRD)  respectively.  Using  a  numerical  heat  flow  model,  the 
temperature  profile  within  the  layered  system  imder  laser  irradiation  has  been  calculated.  Films  heat  treated  in  this  way 
have  shown  significant  changes  in  their  magnetic  behaviour. 


1.  INTRODUCTION 

Magnetoelastic  materials  have  been  studied  extensively  over  the  years  with  the  aim  of  exploiting  their  properties  in 
devices^’^.  Magnetoelastic  devices  fall  into  either  active  or  passive  categories  depending  A^hether  the  magnetomechanical 
effect  (k)  or  magnetostriction  (^)  is  utilised^.  In  crystalline  materials,  structural  order  imposes  constraints  both  on  the 
physical  and  magnetic  characteristics  of  metals  and  alloys.  However,  the  use  of  rapid  quenching  techniques  has  lead  to 
the  synthesis  of  solids  with  disordered  atomic  structures  whose  properties,  magnetic  or  material,  are  not  dependent  on 
the  crystal  structure.  It  is  the  unique  combination  of  physical  and  magnetic  properties  found  in  amorphous  materials  that 
opens  up  the  potential  of  sensor  applications.  In  general,  it  has  been  demonstrated  that  the  disordered  state  produces 
materials  that  can  be  mechanically  robust  (very  hi^  tensile  strengths),  and  yet  retain  very  soft  magnetic  properties 
(relative  magnetic  permeabilities  of  100,000  have  been  quoted),  have  relatively  high  electrical  resistances  and  a  strong 
resistance  to  corrosion. 


Work  on  the  metal-metal  system,  Fe-Zr  is  presented  here.  In  this  alloy  system,  zirconium  possesses  a  deep  eutectic  at  the 
composition  Fe9oZrio  and  has  been  produced  in  amorphous  form;  as  such  it  is  used  as  an  alternative  glass  former  to  the 
metalloid  Boron.  The  fabrication  of  these  field  and  stress  sensitive  materials,  including  processing  to  optimise  their 
metallurgical  structure  and  magnetic  responses,  in  a  form  ready  to  use  in  devices  is  of  great  current  interest. 


2.  EXPERIMENTAL  DETAILS 

A  conventional  TEA  CO2  laser  ablation  deposition  system  was  used  to  irradiate  metallic  targets  in  the  fluence  range  25  - 
65  J  cm"^  as  described  earlier"*.  In  all  the  experiments  presented  here  the  substrates  used  were  12mm  diameter 
borosilicate  glass  disks  which  were  masked  so  as  to  produce  lOmm  diameter  films.  The  thickness  of  films  deposited 
fi:om  elemental  targets  of  iron  and  zirconium  was  measured  using  a  mechanical  stylus  instrument  (DekTak)  as  a 
function  of  incid^t  laser  fluence  for  a  fixed  target  to  substrate  separation  of  1 5mm. 

Layered  or  composite  films  were  produced  using  one  of  three  different  targets.  Firstly,  a  zirconium  disk  surrounded  by  a 
concentric  ring  of  iron  allowed  deposition  of  one  element  followed  by  a  layer  of  the  other  by  simply  repositioning  the 
target  under  vacuum  to  give  a  different  radius  of  laser  irradiated  track.  In  this  way,  and  by  reference  to  the  deposition 
rate  results,  bilayer  films  of  predicted  ratio  9: 1 ,  Fe:Zr,  were  produced.  Secondly,  a  target  was  manufactured  of  one  half 
iron  and  one  half  zirconium  so  that  during  rotation  Fe  and  Zr  are  alternately  ablated.  The  deposition  rate  of  both 
elements  are  such  that  less  than  one  atomic  monolayer  is  produced  per  revolution  and  therefore  the  resultant  film  cannot 
be  thought  of  as  a  layered  structure.  Lastly,  a  third  target  was  used  in  a  similar  way  to  the  previous  one  with  the 
proportion  of  Fe  and  Zr  adjusted  by  area  and  deposition  rate  to  give  a  9: 1  ,Fe:Zr  non-layered  film. 
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The  laser  deposited  films  were  characterised  in  addition  to  thickness  measurements  by  XRD  for  structure  and 
magnetically  by  VSM.  Post-production  amealing  was  performed  using  the  TEA  CO2  laser  at  normal  incidence  at 
fluence  levels  to  be  discussed  in  the  next  section  in  a  background  of  helium  at  a  pressure  of  700  torr. 

3.  RESULTS  AND  DISCUSSION 


The  deposition  rates  for  iron  and  zirconium  are  shown  in  figure  (1).  It  can  be  seen  that  at  this  laser  wavelength,  the 
high  reflectivity  (Fe  =  98%,  Zr  =  55%)  results  in  incident  fluences  in  excess  of  40  J  cm‘^  being  required  for  film 
deposition  over  practicable  timescales.  At  high  laser  fluence  the  surface  quality  of  the  films  becomes  poor  due  to  a  large 
number  of  droplets  of  target  material.  Subsequent  layered  and  ‘‘mixed”  films  were  produced  using  an  incident  laser 


Figure  1 .  Deposition  rates  of  iron  and  zirconium  as  a 
function  of  incident  TEA  CO2  laser  fluence  for  a 
target/substrate  separation  of  15mm  and  1 0'^  mbar  He, 


fluence  of  50  Jcm^  which  resulted  in  films  of  good  surface  quality  in  reasonable  deposition  times  at  a  laser  pulse 
repetition  rate  of  1  OHz.  X-ray  difi&action  studies  of  these  elemental  films  shows  a  strong  preferred  texture  along  with 
some  oxide  phases  possibly  due  to  post-deposition  oxidation  (figure  2).  For  films  deposited  as  bilayers  (40mn  Zr 
followed  by  160nm  Fe)  a  substantial  reduction  in  the  XRD  signal  was  observed  with  only  the  a-Fe  peak  remaining 
(figure  3).  Magnetic  moment  measurements  (figure  3)  indicate  that  this  is  not  as  a  result  of  a  large  amount  of  the  film 


Angle  (2e) 


o 


Angle  (20) 


Figure  2.  XRD  measurement  with  a  Cr  source  for 
elemental  films  (w200mn)  of  Fe  and  Zr. 


Figure  3.  As  deposited  Fe/Zr  bilayer.  Upper  graph 
shows  VSM  data,  lower,  XRD  trace 
showing  only  reduced  Fe  structure 
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being  amorphous  as  the  expected  resultant  FeZr  composition  would  be  paramagnetic  at  room  temperature  and  show  no 
hysteresis^  The  decrease  in  the  peak  height  is  more  likely  to  result  from  finely  dispersed  crystallites^  The  absence  of 
both  the  Fe  and  Zr  phases  in  the  XRD  result  also  indicates  a  degree  of  intermixing  as  is  to  be  expected  during  the 
energetic  dqwsition  process. 


The  effect  of  laser  heating  on  the  mechanical  and  magnetic  properties  of  the  bilayer  system  was  investigated.  In  order  to 
calculate  the  laser  inadiance  required  to  cause  a  temperature  rise  approaching  melting  in  both  the  iron  and  zirconium 
when  bonded  to  a  poor  thonnal  conductor  (the  glass  substrate)  the  following  equations  were  solved  numerically.  Firstly, 
the  heat  diffusion  equation 

F  =  ^  =  -k^  (1) 

dt  dx 

where  k  is  the  thermal  conductivity  and  also  the  continuity  equation 

dT 

divF +al„te‘“  =  pC—  W 

dt 

In  this  case  C  is  the  specific  heat  capacity,  p  is  the  density  of  the  material  and  alo  t  e"”  represents  the  exponential 
absorption  of  the  laser  irradiance  lo  for  an  absorption  coefficient  of  a.  The  material  properties  were  spatially  dependent 
to  allow  for  the  bilayer  structure  and  substrate.  The  laser  irradiance  terminates  at  t=tp  where  tp  is  the  laser  pulse 
duration,  in  this  case  90ns  for  the  TEA  CO2  laser  used.  For  each  time  interval  At  the  temperature  rise  in  an  element  x  + 
Ax  was  calculated.  This  element  length  must  be  sufficiently  shorter  than  the  thermal  diffusion  length  during  a  time  At 
for  the  assumption  of  an  unpeturbed  temperature,  which  is  implied  in  equation  (1),  over  the  time  interval  considered,  to 
be  valid.  This  criterion  is  ensured  by  the  application  of  equation  (3): 


Ax  =  0.2, 


(3) 


Typically,  Ax  is  set  to  the  order  of  1  Onm.  A  typical  calculated  temperature  profiile  at  the  end  of  the  laser  pulse  is  shown 
in  figure(4).  It  can  be  seen  that  althmigh  flie  thermal  properties  of  iron  and  zirconium  differ  from  each  other  the 
temperature  gradient  is  very  small  This  is  as  a  result  of  the  poor  thermal  conductivity  of  the  substrate  and  is  only  seen 
to  become  appreciably  sloped  for  total  film  thicknesses  in  excess  of  300nm.  By  calculating  sets  of  these  curves  as  a 
fimction  of  absorbed  laser  fluence  it  was  possible  to  generate  a  straight  line  fit  for  the  surface  temperature  rise  (figure  4) 


Figure  4.  Calculated  temperature  profile  for  an  absorbed  fluence  Figure  5.  Post  anneal  VSM  and  XRD  data  for  the 
of  1 25  ml  and  (inset)  surface  temperature  rise.  sample  shown  in  figme  3 . 
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as  a  convenient  way  to  find  the  required  laser  fluence  for  various  thickness  of  samples. 


The  bilayer  film  was  irradiated  normal  to  the  surface  at  an  incident  laser  fluence  of  3.4  Jcm*^  («58  mJcm'^  absorbed) 
giving  a  surface  temperature  of  «1350K.  The  laser  beam  was  scanned  manxiaHy  so  that  the  whole  area  of  the  film  was 
covered.  The  resultant  XRD  and  VSM  data  are  shown  in  figure  (5),  There  is  a  significant  increase  in  the  coercivity  and 
a  reduction  in  the  noiagnetic  moment.  This  is  thought  to  be  as  a  result  of  the  addition  of  zirconium  to  iron  as  the  iron- 
iron  coupling  will  be  reduced.  A  complete  amorphous  film  is  not  generated  as  mixing  due  to  solid  state  reaction  is  only 
expected  to  a  thickness  of  2nm  Films  produced  from  the  composite  targets  showed  no  structure  under  preliminary  x- 
ray  measurements  and  are  the  subject  of  fiuther  study. 


4.  CONCLUSIONS 


Deposition  rates  for  TEA  CO2  laser  ablation  deposition  of  iron  and  zirconium  have  been  measured.  Knowledge  of  these 
parameters  has  allowed  the  production  of  bilayer  iron  zirconium  structures  on  glass  substrates.  X-ray  difiraction  studies 
of  these  films  do  not  show  a  superposition  of  the  elemental  structure  and  it  is  thought  that  the  energetic  deposition 
process  causes  substantial  intermixing  at  the  interface.  The  predominance  of  the  a-Fe  peak  is  to  be  expected  as  the  iron 
layer  is  four  times  thicker  than  the  zirconium  to  achieve  an  average  composition  of  Fe9oZrio  .  Laser  heating  of  the  fihns 
has  been  shown  to  modiiy  their  magnetic  response  and  may  be  applied  to  “write”  a  magnetic  structure  during  post 
deposition  processing.  Production  of  amorphous  FeZr  will  require  the  production  of  thimer  layers  (--21^01)  in  a 
multilayer  “stack”  and  is  the  subject  of  current  study. 
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ABSTRACT 

A  composite  material  including  optical  fibers  is  submitted  to  the  mechanical  effects  induced  by  a  high-power 
CO2  laser  radiation  in  order  to  test  its  behaviour  when  undergoing  repetitive  stress.  The  experiments  pointed  out  that 
such  a  new  material  could  be  used  to  monitor  the  stress  to  which  it  is  submitted. 

Keywords  :  high-power  laser,  interaction,  shock-wave,  composite  material,  smart  material. 

1.  INTRODUCTION 

Among  the  so-called  "new-  materials",  the  composites  are  now  widely  considered  as  some  of  the  most 
promising.  To  the  properties  usually  expected  from  these  materials,  such  as  mechanical  resistance  and  ligthness,  for 
instance,  one  try  to  add  the  faculty  to  provide  informations  like  a  sensor.  Then  a  sensitive  element  must  be  included  in 
the  composite  as  one  of  its  components.  The  material  used  in  our  experiments  is  a  aluminium  matrix  reinforced  by  SiC 
fibers  embedded  along  with  optical  fibers.  The  process  developed  to  make  this  material  is  thought  to  be  safe  for  the 
optical  fibers  which  do  not  suffer  any  damage  neither  to  their  structure  nor  to  their  optical  properties^  The  composite 
is  expected  to  be  used  as  structural  material  as  well  as  stress  or  damage  detector,  since  the  mechanical  perturbations  to 
which  it  is  submitted,  induce  changes  in  the  optical  signal  conveyed  by  the  fibers.  Bending  test  performed  on  this 
composite  pointed  out  clearly,  through  the  time-history  of  the  loss  in  the  optical  fibers,  the  successive  stages  of 
damaging  process  of  the  sample. 

Once  fractured,  the  fibers  still  transmit  light;  cracks  can  then  be  made  intentionally  for  the  composite  to  be 
more  sensitive  to  the  stress.  The  optical  properties  of  the  interface  of  the  fracture,  however,  is  thougt  not  to  be  constant, 
especially  when  undergoing  repetitive  stress.  In  the  present  study,  the  materia!  is  submitted  to  shock  waves  induced  by  a 
pulsed  CO2  laser.  At  intensity  greater  than  I  MW/cm^,  the  irradiation  of  a  solid  material  results  in  a  mechanical  effect 

(shock  wave)  due  to  the  formation  of  a  high  temperature  and  high  pressure  plasma  at  the  surface  of  the  target 

The  mechanical  effect  of  laser  radiation  is  used  here  to  excite  samples  of  the  composite  material  in  order  to  test 
the  behaviour  of  fibers  previously  fractured. 


2.  EXPERIMENTS 

The  sample  consists  of  single-mode  Si02  optical  fibers  (diameter :  125  fxm  -  Fujikura  Co. Ltd.)  embedded  in  a 
composite  metallic  matrix  of  aluminium.  Fibers  are  placed  in  grooves  made  in  an  aluminium  plate  and  then  covered  with 
a  second  plate  and  hot-pressed.  The  resulting  composite  is  2  mm  thick  (Figure  1). 

As  a  matter  of  convenience  only  one  fiber  has  been  tested  in  each  sample.  In  fact  the  fiber  sticks  out  each  side  of  the 
sample  of  few  centimeters  ;  for  the  experiments  it  must  be  connected  to  longer  fibers  by  means  of  glass  capillaries  and 
maintained  by  resin  .  One  extremity  of  the  fiber  is  connected  to  a  stabilized  ligth  source  (  Ando  -  AQ  4141 B  - 
wavelength  :  0.67  f.im)  and  the  second  one  to  a  photodiode. 

Cracks  can  be  induced  in  the  fiber  by  stretching  the  sample  or  by  indentation  using  a  hardness  tester.  The  latter 
one  was  chosen  for  the  experiments  presented  here  in  so  far  as  the  stretching  is  known  to  induce  irregular  fracture  ,  The 
transmission  of  the  fiber  is  monitored  during  the  process  in  order  to  ensure  that  it  is  broken  (Figure  2). 
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The  experiments  have  been  performed  using  a  pulsed-C02  laser  (Lumonics  100-2)  able  to  emit  8.6  J  in  a  17  jis- 
pulses  (duration  during  which  90%  of  the  total  energy  is  delivered)(Figure  3).  This  allowed  the  irradiation  of  the  samples 
with  an  energy  density  of  about  93  J/cm^  to  260  J/cm^  .  The  radiation  is  focussed  onto  the  sample  by  a  ZnSe  lens  of 
250  mm  of  focal-length.  The  energy  is  measured  by  a  joulemeter  (Gentec  ED500). 


Figure  1  :  composite  sample  connected  to  longer  fiber  by  means  of  glass  capilaries 


Time  s 

Figure  2  :  Fracture  of  the  fiber  by  indentation 


Time  microsec. 
Figure  3  :  Laser  pulse  shape.  Peak  duration  60  ns. 


3.  RESULTS  AND  COMMENTS 

A  typical  series  of  tests  is  presented  in  figure  4.  The  peak  of  figure  4a  has  been  obtained  by  irradiating  a 
rnetallic  screen  placed  just  before  the  sample.  This  noise,  picked  up  by  the  photodiode,  is  induced  by  the  electric 
discharge  in  the  laser  and  the  plasma  initiated  in  front  of  the  screen.  This  is  used  as  reference  signal.  The  laser  pulse  is 
delivered  at  the  begining  of  this  peak.  Direct  irradiation  of  the  sample  induces  a  loss  in  the  transmission  leading  to  a 
recess  in  the  optical  signal  visible  in  figure  4b  just  after  the  peak.  The  reflectivity  of  aluminium  at  10.6  ^xm  is  known 
to  be  greater  than  90  %.  Then,  in  an  attempt  to  enhance  the  signal,  a  polymer  film  has  been  pasted  on  the  target  in  orxier 
to  improve  the  absorption  of  the  laser  radiation  and  the  mechanical  effect.  That  leads  to  a  permanent  change  of  the 
transmission  (Figure  4c). 

Two  main  processes  can  be  responsible  for  such  a  change.  The  relative  displacement  of  the  two  parts  of  the 
fiber  due  to  deformation  of  the  surrounding  metal  is  highly  improbable  since  the  laser-induced  shock  is  far  from  the 
elasticity  limit  of  the  metal.  A  displacement  is  however  possible  if  a  gap  remains  around  the  fiber  after  the  fabrication 
process.  A  new  fracture  of  the  fiber  is  also  possible.  Direct  irradiation  of  fibers  placed  on  a  metallic  plate  pointed  out 
that  the  fiber  can  hardly  be  broken  that  way.  Indeed  several  laser  shots  do  not  induce  any  change  in  the  transmission. 
Nevertheless  in  many  cases  the  fiber  or  even  the  glass  capillary  broke  at  the  limit  of  the  resin  used  to  maintain  them. 
Vibrations  propagate  from  the  Irradiated  spot  and  result  in  shear  stress  at  the  boundary  between  the  embedded  part  of  the 
fiber  and  the  free  one.  If  a  gap  is  left  between  the  fiber  and  the  metallic  matrix,  such  stress  may  exist  along  the  groove 
where  the  fiber  is  placed.  Moreover,  the  indentation  process  may  also  initiate  several  cracks  that  could  gradually  strcch 
across  the  fiber  on  the  expense  of  the  transmission,  when  the  sample  is  irradiated. 

In  addition  to  that,  the  stability  of  the  connections  with  glass  capillaries  is  also  questionable.  Indeed  the 
vibrations  propagating  across  the  sample  until  its  extremities  can  cause  the  fiber  to  move  in  the  glass  capillary.  The 
inner  diameter  of  the  glass  capillary,  however,  fit  well  the  core  of  the  fiber  and  when  the  laser  irradiation  is  performed 
elsewhere  than  at  the  i dentation  point,  no  change  in  the  transmission  can  be  observed.  Therefore  the  changes  in  the 
transmission  are  really  induced  in  the  sample.  Moreover  the  response  seems  to  depend  on  the  location  where  the 
mechanical  perturbation  is  applied. 
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Transmitted  light 


Figure  5  :  Signal  obtained  subsquently  to  4f  by  direct  irradiation  without  polymer  film. 


After  this  first  drop  of  the  transmission  the  fiber  seems  not  to  be  sensitive  any  more  to  the  shock  induced  by  a 
direct  irradiation  (Figure  4d)  but  to  the  stronger  one  obtained  with  polymer  film  (figure  4e).  Lxxiking  at  the  figure  4f  the 
hypothesis  of  the  displacement  of  the  fiber  appears  to  be  the  most  suitable  since  the  cracks  formation  is  irreversible. 
After  several  shots  that  makes  the  transmission  of  light  to  decrease  step  by  step,  it  suddenly  recovers  a  higher  level. 
Futher  irradiation  performed  without  any  polymer  film  on  the  sample  showed  that  the  material  is  again  sensitive  to 
weak  shocks  (figure  5). 


4.  CONCLUSION 

A  new  composite  material  has  been  tested  by  an  original  and  flexible  method  using  the  mechanical  effect 
induced  by  a  hi gh- power  laser  radiation.This  technique  allowed  to  excite  the  sample  repetitively  at  a  precise  location  and 
it  pointed  out  that  the  material  is  sensitive  to  the  shock  applied  at  the  location  of  the  fracture  of  the  fiber  and  not 
anywhere  else.  In  addition  it  is  possible  to  carry  out  the  testing  and  to  check  continuously  the  optical  signal  transmitted 
through  the  fibers  in  order  to  detect  long-term  changes  in  the  properties  of  the  sample. 

Since  the  material  could  withstand  the  stress  (within  a  range  that  should  be  defined),  it  is  reasonable  to  use  it 
as  a  gauge  being  able  to  estimate  the  perturbations  induced  in  the  structure  which  it  is  included  in.  Moreover  the  optical 
diagnostics  is  known  to  be  rather  insensitive  to  the  electro-magnetic  noise  in  contrast  with  piezoelectric  and 
piezoresistive  pressure  gauges.  This  advantage  can  be  valuable  for  the  measurement  of  laser-induced  shock  wave,  in  so 
far  the  plasma  and  the  laser  itself  are  known  to  be  strong  sources  of  noise. 
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ABSTRACT 

This  simulation  included  mass  injection,  radiative  transfer,  diffusion,  and  viscous  effects.  The  radiations 
included  were  molecular  bands,  atomic  lines,  and  continuum  processes.  It  was  found  that  carbon  ablation 
materials  were  effective  in  reducing  the  radiative  flux. 

1.INTRODUCTION 

If  we  can  irradiate  sample  solid  targets  with  high  power  lasers  of  a  few  kW  level,  fundamental  ablation 
processes  of  space  vehicles  during  the  reentry  can  be  clarified.  From  the  point  of  view  of  doing  this  kind  of 
experiment  in  the  near  future,  we  tried  to  make  some  numerical  calculations  in  this  field.  The  purpose  of  the 
current  research  work  is  to  make  clear  the  ablation  processes  which  use  high  power  lasers,  to  estimate  the  heat  flux 
toward  the  target  surfaces. 

As  a  first  step,  we  calculated  the  flow-field  and  surface  response  conditions  of  a  planetary  probe  entering  the 
Jupiter  atmosphere.  Within  the  region  behind  a  detached  shock  wave,  the  blunt  nose  is  heated  to  high  temperature. 
So  that,  the  numerical  results  were  obtained  under  a  viscous-shock-layer  analysis.  The  shock  layer  temperature 
and  pressure  were  l6000Kand0.5MPa,  for  example.  To  protect  the  probe  against  this  high  temperature  condition 
and  to  reduce  the  heat  flux,  which  includes  convectional  and  radiative  heat  transfer,  we  used  the  ablation  of  C/C 
(Carbon/Carbon  phenols)  composite  materials.  Along  the  stream-line  through  the  stagnation  point,  the  probe  was 
subjected  to  the  most  hostile  environment.  The  shock  layer  must  be  handled  to  be  chemically  active  plasmas. 
Radiative  characteristics  of  carbon  ablation  layer  were  as  follows*; 

The  absorption  coefficient  ofcarbon  plasmas  was  calculated  for  two  cases  of  temperature  of  5000  and  7000K, 
thickness  from  0.0  to  7.5mm,  pressures  from  0,1  to  1  .OMPa.  The  carbon  plasmas  were  assumed  to  be  isothermal 
and  in  local  thermodynamic  equilibrium.  The  radiations  included  were  molecular  bands,  atomic  lines,  and 
continuum  processes.  The  absorption  coefficient  thus  calculated  was  applied  to  a  simplified  model  of  the  ablation 
layer  for  Jupiter  entry  probe.  It  was  found  that  the  molecular  carbon  bands  were  effective  in  reducing  the  radiative 
flux  to  the  vehicle  at  low  ablation-layer  temperature  (5000K),  while  the  photo-ionization  process  in  atomic  carbon 
was  effective  at  high  ablation  layer  temperature  (7000K). 

After  the  calculations  mentioned  above,  a  viscous-shock-layer  analysis  including  carbon  ablation  was  tried.  In 
this  analysis  the  shock  boundary  layer  was  thickened  by  the  carbon  ablation,  and  the  distribution  of  temperature, 
chemical  species  and  velocity  depended  on  the  carbon  mass  injection.  It  was  also  found  that  the  carbon  ablation 
materials  were  effective  in  reducing  the  convectional  and  radiative  heat  flux. 

2.THEORY 

We  assumed  a  free-stream  gas  composition  which  is  called  as  a  nominal  model  with  the  volume  ratio  H2/He  of 
85  / 1 5.  A  viscous-shock-layer  was  assumed  to  be  in  chemical  equilibrium.  In  this  work,  a  viscous-shock-layer 
analysis  was  tried  to  calculate  the  stagnation  flow  field  for  a  condition  near  to  the  peak  radiative  heating  of  a  entry 
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probe  into  Jovian  atmosphere  (Table.  1).  We  considered  chemical  species, 

H2  ,  He ,  H ,  W  ,e  ,C  ,C2,C2,C2H  ,  C^H  Here  Q  was  the  solid  carbon  species. 

The  shock  layer  equations  were  derived  from  the  governing  equations  for  reacting  gas  mixtures  and  were  written 
for  a  body  oriented  coordinate  system  as  shown  in  Fig.  1 .  The  viscous  shock  layer  equations  were  obtained  from  the 
steady  Navier-Stokes  equations.  These  equations  are  shown  below^’^; 


Continuity  Equation: 

^  [(^  +  T  cos^  wj  +  [^(7  +  Ky\r  +  y  cos  wj  =  (? 


S-moment  Equation: 

7  du  du 
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Y-moment  Equation: 
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Energy  Equation: 
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Species  Conservation  Equation: 
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Here  the  parameter  Q  in  the  energy  equation  is  the  divergence  of  the  radiative  heat  flux.  The  Navier-Stokes 
equations  were  nondimensionalized  by  variables  with  their  shock  values.  The  s-moment  and  the  energy  equation 
were  transformed  into  the  finite-difference  equations.  Therefore  we  obtained  the  tangential  velocity  component  and 
temperature  distribution.  The  pressure  distribution  was  derived  from  integrated  y-moment  equation.  The  normal 
velocity  distribution  and  shock  stand  off  distance  could  be  obtained  by  the  integration  of  the  continuity  equation. 

3.RADIATIVE  CHARACTERISTICS  OF  THE  HYDROGEN-CARBON  PLASMAS'^ 

In  general,  the  radiative  and  absorption  characteristics  have  been  discussed  by  the  inherent  radiative  and 
absorption  coefficients.  The  absorption  coefficient  was  the  function  of  the  particle  number  density  and  absorption 
cross-section  for  chemical  species  in  the  gases. 

In  this  work,  the  spectrum  absorption  coefficient  with  the  viscous  shock  layer  was  taken  into  account  as  follows; 

In  hydrogen:  bound  -  bound  transition  ( b-b ),  free  -  bound  transition  ( f-b),  free  -  free  transition  ( f-f  ),  where  b-b 
transition  included  14  atomic  hydrogen  lines  as  Balmer,  Lyman. 

In  carbon:  b-b,  f-b,  f-f  transition  of  carbon  atoms,  the  seven  band  systems  as  Swan,  Ballik-Ramsay  of  C2.  Data  for 
C3  and  C2H  are  shown  in  Ref  4. 


4.RESULTS  AND  DISCUSSION 


Fig.  2  and  3  shows  the  distribution  of  the  shock  layer  mass  fraction  with  and  without  carbon  ablation.  The 
horizontal  axis  is  the  distance  Y  normalized  by  the  shock  stand  off  distance  Ysh.  The  vertical  axis  is  mass  fraction 


in  a  log  scale.  Y  /  Ysh  =  0  and  I  correspond  to  the 
probe  wall  and  the  shock  wave  locations.  As  is  shown 
in  Fig.  2,  the  carbon  is  blasted  upward  from  the  carbon 
ablation  surface  and  the  carbon  ablation  layer  nearby 
the  wall  is  formed.  Therefore  the  thickness  of  the 
boundary  layer  increases  and  the  layer  has  more  effect 
on  the  physical  variables. 

Fig.  4  shows  the  distribution  of  the  shock  layer 
temperature.  With  the  carbon  ablation,  the  temperature 
is  reduced  immediately  after  the  shock.  The 
temperature  difference  of 2000K  is  calculated  with  and 
without  the  carbon  ablation.  As  the  temperature 
gradient  nearby  the  wall  is  flat,  the  heat  flux  flown  into 
the  wall  reduces  because  of  the  carbon  absorption 
effect. 

Fig.  5  shows  the  distribution  of  the  shock  layer 
normal  speed.  With  the  carbon  ablation,  the  speed  is 
reduced  by  the  carbon  injection  effect  nearby  the  wall. 
Therefore  in  the  nearest  region  of  the  wall,  the  speeds 
indicates  negative  values. 

Fig.  6  shows  the  absorption  coefficient  to  the 
representative  shock  layer  temperature  ( T=  5000, 
1000, 16000K).  The  hydrogen  Lyman  lines  are  very 
bright.  The  distribution  is  dominated  by  the  carbon 
species  at  low  temperature.  The  contribution  by  the 
carbon  species  decreases  as  the  temperature  becomes 
high. 

Fig.  7  shows  the  distribution  of  the  radiative 
intensity  at  the  INTERFACE  and  WALL  for  the 
stagnation  point.  Here  the  INTERFACE  is  the  carbon 
ablation  layer  edge,  the  WALL  is  the  probe  wall,  6  is 
the  angle  measured  from  normal  (see  Fig.  7).  During 
the  INTERFACE  flux  reached  the  probe  wall,  the  flux 
was  absorpt  by  C2  Swan  band  system  (h  v  =  2-3  [eV]), 
C3  UV  band  system  (h  v  ~  8[eV])  and  photoionization 
of  carbon  atoms  (h  v  >11  [eV]). 

Fig.  8  shows  the  angular  distribution  of  the  radiative 
heat  flux.  The  flux  at  the  wall  reduces  about  60% 
compared  with  the  INTERFACE  at  the  angle  of  the 
maximum  flux.  And  the  total  flux  integrated  by  the 
angle  reduces  about  60%  from  the  INTERFACE  flux. 
Without  carbon  ablation,  the  flux  at  the  wall  reduced 
about  40%  by  the  carbon  ablation  effect. 

5.CONCLUDING  REMARKS 

1)  The  carbon  ablation  had  influence  on  the 
distribution  of  the  shock  layer  temperature, 
chemical  species  and  speed. 

2)  The  carbon  ablation  layer  had  very  large 
absorption  effect  which  depended  on  the 
carbon  species. 


3)  The  stagnation  heat  flux  from  the  shock  layer 
was  reduced  by  the  carbon  ablation  markedly. 
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s  Coordinate  meas  ured  along  the  body  surface 
y  Coordinate  measured  to  the  body 
r  Radius  measured  from  axis  of  symmetry 
to  a  po  int  on  a  body  surface 
z  Center  axis 
JJ ^  Free  -  stream  velocity 
u  Velocity  component  tan  gent  to  body  surface 
V  Velocity  component  normal  to  body  surface 
Bodyangle  Noseradius 

a  Shock  angle  k  Body  curvature 

Fig.  1  Coordinate  system 


Table.  1  Free-stream  condition 


Altitude 

[km] 

Temperature 

t:[k] 

Density 

Velocity 
^km/  sec\ 

Pressure 

Pi  [MPa] 

132.90 

154.0 

3.38E-04 

41.16 

1.875E-04 
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Fig.  2  The  distribution  of  the  shock  layer  mass 
fraction  (nearby  the  wall) 


Fig.  3  The  distribution  of  the  shock  layer  mass 
fraction  (nearby  the  wall) 


Fig.  4  The  distribution  of  the  shock  layer 
temperature 


speed 


Fig.  6  The  shock  layer  absorption  coefficient 


Fig.  7  The  radiative  heat  flux  from  the  shock  layer 


ALTrrVJOE  -  131  9  (km) 


Fig.  8  The  angular  distribution  of  the  radiative 
heat  flux 
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Novel  optical  techniques  for  remote  water  column  temperature  measurement 
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ABSTRACT 

This  paper  assesses  novel  optical  techniques  for  the  remote  measurement  of  water  column  temperatures,  using  non-linear 
effects  such* as  stimulated  Raman  scattering.  Results  are  presented  from  a  modelling  programme  to  predict  water  flow 
patterns  produced  by  an  underwater  heat  source.  Keywords:  Remote  sensing,  water  column,  temperature. 


2.  INTRODUCTION 

At  present,  there  is  no  accurate  way  to  make  remote  measurements  of  the  subsurface  temperature  distribution  of  a  body 
of  water^’^.  Only  the  surface  temperature  can  be  determined  by  remote  sensing  techniques^,  and  underlying  currents  must 
be  traced  by  thermometers.  The  difficulty  lies  in  the  strong  absorption  of  long  wavelength  electromagnetic  radiation  by 
water,  limiting  conventional  thermal  imaging  techniques  to  the  surface.  Visible  light  does  penetrate  through  water,  with 
the  best  transmission  in  the  blue-green^.  However,  to  exploit  visible  light  it  is  necessary  to  identify  suitable  temperature- 
s^!isitive  physical  effects.  The  work  described  here  is  part  of  a  project  to  establish  an  accurate  method  of  measuring 
subsurface  temperatures,  by  optical  remote  sensing  techniques.  Existing  methods  have  been  surveyed,  and  the  possibility 
of  using  non-l^ear  optical  techniques  assessed.  To  provide  a  test-bed  for  experimental  work,  a  water  tank  has  been  set 
up  in  which  controlled  underwater  currents  can  be  generated  by  heated  cylinders,  and  a  mathematical  model  has  been 
developed  that  predicts  the  ten^rature  and  velocity  profiles  of  such  currents. 


3.  EXISTING  REMOTE  SENSING  TECHNIQUES 

The  most  widely-explored  to  date  has  been  spontaneous  Raman  scattering^’^.  There  is  a  well-documented^  shift  with 
temperature  in  the  relative  intensity  of  the  Gaussian  components  that  make  up  the  first  Stokes  peak,  albeit  quite  small, 
1  %  per  degree  K.  Several  groups^’®  have  demonstrated  tWs  technique  at  sea,  but  the  accuracy  was  limited  to  ±  1  K  by 
noise  effects.  The  Raman  scattering  cross-section  in  water^  is  low  compared  to  many  materials,  being  only  0.0002  m"^sf  ^ 
and  the  broad-band  signals  are  easily  swamped  by  daylight,  fluorescence  etc.  The  Raman  signal  is  also  affected  by  the 
salinity  of  the  water.  The  only  other  optical  technique  tested  experimentally®’^®  is  spontaneous  Brillouin  scattering,  which 
needs  a  Fabry-Perot  interferometer  with  «500  MHz  resolution  to  detect  the  signal.  The  veiy  narrow  bandwidth  of  the 
signal  allows  better  discrimination  against  background,  but  the  overall  performance  is  no  better  than  the  Raman  systems. 


4.  NON-LINEAR  OPTICAL  PROCESSES 

Stimulated  Raman  scattering^  ^  (SRS)  should  offer  a  much  better  signal-to-noise  ratio,  as  the  scattering  cross-section  is 
much  higher,  and  the  directional  nature  of  the  scattering  means  that  a  much  higher  fraction  of  the  scattered  light  can  be 
captured  by  a  telescope.  SRS  will  only  occur  in  regions  of  high  laser  intensity,  ie  in  the  focal  plane  of  the  projection 
optics,  so  depth  resolution  could  be  provided  simply  by  altering  the  focal  plane,  avoiding  constraints  on  the  laser  pulse 
l^gth  and  the  detector  response  time.  To  date,  only  a  limited  amount  of  experimental  woik^^  has  been  carried  out  on 
SRS  in  water.  The  effects  of  temperature  are  quite  different  from  the  spontaneous  case.  There  are  significant  amounts 
of  light  generated  at  the  first  anti-Stokes  line  and  the  second  Stokes,  as  well  as  the  first  Stokes,  and  the  ratio  between 
these  alters  with  temperature.  However,  the  stimulated  process  is  very  unstable  shot-to-shot,  and  it  remains  to  be 
demonstrated  as  a  means  of  tenq>erature  sensing. 
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5.  MODELLING  OF  WATER  HEATING 

The  first  stage  was  to  g^ierate  a  known  water  flow  pattern  for  the  optical  system  to  measure,  using  a  heating  element 
submersed  in  a  water  tank.  A  model  was  developed  to  predict  the  temperature  and  velocity  profiles  of  the  turbulent 
currents  produced.  Consider  a  hot  cylinder,  temperature  T„  of  height  L^  and  radius  sitting  in  a  large  tank  of  water 
at  temperature  T^  (see  figure  1).  Water  in  contact  with  the  sides  of  the  cylinder  will  be  heated  and  rise,  forming  a  cone 
of  convective  flow  around  the  cylinder.  At  the  top  of  the  cylinder,  the  rising  cone  will  converge  to  form  a  buoyant 
plume.  Both  the  cone  and  the  free  plume  will  entrain  cool  water  from  the  surroundings.  The  value  of  the  entrainment 
coefficient  has  been  determined  experimentally  to  be  «0.1. 

Assume  a)  Friction  at  cylinder  wall  is  not  important 

b)  Heat  is  transmitted  only  at  the  cylinder  surface 

c)  Heat  flux  density  is  averaged  over  wall  and  top  surface 

d)  Average  values  of  velocity  U  and  excess  temperature  T  in  horizontal  plane  at  any  height  x. 

There  are  two  zones  to  the  model;  the  lower  section  around  the  cylinder  itself,  and  the  free  plume  above  the  top  of  the 
cylinder.  There  is  a  minimum  "waist"  of  the  flowing  region  just  above  the  top  of  the  cylinder,  at  height  =  Lc  +  Rc/2. 
Let  A  be  the  horizontal  cross-section  area  of  the  convective  flow,  and  S  be  the  perimeter  of  the  outer  boundary  of  the 
flow.  For  thermal  expansivity  E,  liquid  density  p,  and  specific  heat  capacity  per  unit  mass  Cp,  then  the  starting  equations 
are  as  follows: 


Flow  continuity, 
d 


Momentum: 


{AID^SKU 


dx  ^  ax 

where  q  is  the  total  heat  input  at  height  x.  Define  Q’- 


{AU^)-EgAT 


Average  vertical  velocity  : 


where  r^  is  an  effective  mean  radius  defined  as  Tw 

5.1  On  the  cylinder  wall 
Outer  radius  of  rising  layer  : 

Average  velocity  of  rising  layer  : 

5.2  For  the  detached,  buoyant  free  plume 
Define  effective  outer  radius  R^f  =  Rc  +  3/4  K<.  x* 

Starting  radius  of  the  plume  : 


Heat  flux: 

AUT=-^ 

pCp 

total  power/p  Cp.  Then  at  the  waist  height  Xw, 
Average  excess  temperature: 


Mean  radius  of  rising  layer: 
r=i?c+|js:/ 

Average  excess  temperature  of  rising  layer: 


Plume  radius  at  height  x: 


=  Rc  +  3/8  Ke  Xw 


Plwne  velocity  at  height  x  :  Plume  excess  temperature  at  height  x: 


E 

; 

(R  ' 

ll 

M- 

W  3 

T  — 

p 

1 
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Height  x(in)  Height  x(iii) 


Rising  plume 


Figure  1  :  Rising  plume  of  water  forming  around  heated  cylinder 


Figure  2  :  Average  temperature,  velocity  and  diameter  of  water  plume  as  a  function  of  height  for 
different  heat  sources. 
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6.  EXAMPLES  OF  THE  MODEL 


Using  the  parameter  values  averaged  over  20-80"C, 

density  p  =  1000  kgm"^  viscosity  /r  =  hxlO'^  Pas 

expansivity  E  =  4.2x10'*  K  *  thermal  conductivity  k  =  0.6  Wm  'K  ' 

the  model  was  run  for  three  very  different  shapes  of  cylinder,  all  80  “C  above  the  ambient  water  temperature.  Case  1 
is  a  cylinder  1  m  high  and  1  m  in  diameter  (Q=344  kW).  Case  2  is  also  1  m  high  but  only  0.2  m  diameter  (Q=58  kW). 
Case  3  is  0. 1  m  high  and  1  m  in  diameter  (Q=72  kW).  Figure  2  shows  the  physical  dimensions,  excess  temperature  and 
average  velocity  of  the  heated  water  in  each  case.  For  scaling  to  other  shapes,  the  average  velocity  is  proportional  to 
Q'^^,  and  the  average  temperature  is  proportional  to 


7.  CONCLUSION 

The  model  shows  that  the  temperature  of  water  rising  from  a  submersed  hot  object  is  only  a  few  degrees  above  the 
ambient  water  tenqierature,  even  where  the  heat  deposited  from  the  object  is  hundreds  of  kilowatts.  Such  small 
temperature  differences  are  very  hard  to  measure  accurately  by  remote  techniques.  The  velocity  of  the  rising  plume  is 
several  centimetres  per  second,  and  could  be  measured  by  laser  Doppler  velocimetry.  In  still  water,  a  combination  of 
these  techniques  might  provide  a  useful  guide  to  the  degree  of  underwater  heating. 
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The  finding  of  the  time-dependent  Resistance  and  Inductance  of  the  laser  discharge  in  a  Pulsed  Gas  laser  through  their 
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ABSTRACT 

A  new  method  of  finding  the  time  histories  of  the  resistance  and  inductance  of  a  discharge  in  the  laser  chamber  of  a 
pulsed  gas  laser  is  described.  This  method  exploits  simultaneously  the  voltage  across  the  laser  channel  and  the  flowing 
current  in  the  laser  discharge  while  the  knowledge  of  the  entire  circuit  is  not  required.  The  mathematical  model  used  is 
simple  and  the  results  show  strong  variations  of  the  resistance  and  inductance  during  the  formation  phase  of  the  discharge 
while  in  the  main  phase  these  quantities  fluctuate  around  constant  values. 

Keywords:  Discharge,  Plasma,  Gas  Laser 

1.  INTRODUCTION 

In  any  pulsed  gas  laser  two  electric  discharges  take  place.  The  first  in  the  switch  system  (spark-gap  or  thyratron)  and 
the  second  in  the  laser  channel.  These  two  discharges  introduce  in  the  electric  circuit  time  dependent  parameters  whose  the 
knowledge  of  their  time  histories  is  very  useful  for  the  study  of  these  laser  systems. 

In  two  previous  works  of  ours,  a  method  of  determining  the  time  dependent  resistance  and  inductance  of  the  electric 
discharges  was  presented.  This  method  was  based  on  the  exploitation  of  the  voltage  waveforms  across  the  discharges^,  or  the 
exploitation  of  the  current  waveforms  through  the  discharges.^  The  mathematical  model  used  in  this  method  depends  on  the 
type  of  the  electric  circuit  of  the  pulsed  gas  laser.  However,  this  method  presents  a  serious  disadvantage,  namely  its 
application  requires  the  knowledge  of  all  the  electrical  parameters  of  the  circuit  of  the  laser  system. 

In  the  present  work  a  modified  and  simplified  method  of  determining  the  resistance  and  inductance  of  the  laser 
discharge  is  presented.  This  simple  method  utilizes  simultaneously  only  the  voltage  across  the  discharge  and  the  current 
which  flows  the  laser  channel.  These  two  quantities  are  combined  through  the  differential  equation  governing  the 
performance  of  the  laser  channel.  This  method  is  independent  on  the  electrical  circuit  and  requires  only  the  knowledge  of  the 
voltage  across  the  discharge  and  the  current  which  flows  through  it. 

2.  DESCRIPTION  OF  THE  METHOD 

When  the  electric  discharge  of  a  pulsed  gas  laser  takes  place  in  the  laser  channel,  the  differential  equation  governing 
the  electric  behavior  of  the  laser  channel  is  given.  This  is 


V=:L— +  f  R  +  — II 


dt 


dt 


(1) 


where  V  is  the  voltage  across  the  laser  channel,  I  is  the  current  which  flows  through  the  laser  channel  and  L,  R  are  the  time 
dependent  inductance  and  resistance  respectively  of  the  electric  discharge  (It  is  mentioned  that  an  electric  discharge  can  be 
described  through  a  resistance  and  inductance  in  series  combination).  It  is  noted  that  the  voltage  V  and  current  I  waveforms 
can  be  easily  measured  through  very  fast  voltage  and  current  probes.  After  the  measuring  of  these  quantities  they  are 
digitized  and  filtered  for  noise  elimination.  Then,  the  first  derivative  of  the  current  can  be  easily  calculated.  Afterwards  the 
values  of  the  voltage,  current  and  its  derivative  are  substituted  into  the  differential  equation  (1)  at  a  certain  time  instant. 
Thus,  an  algebraic  equation  between  the  resistance  R  and  inductance  L  is  produced  for  this  time  instant.  In  the  same  way, 
algebraic  relationships  between  R  and  L  can  be  obtained  for  every  time  instant  during  the  discharge  in  the  laser  channel. 
Finally,  we  consider  that  for  four  extremely  close  adjacent  time  instants  the  resistance  R  and  inductance  L  are  varied  linearly 
in  time.  So  the  differential  equation  (1)  gives  the  four  following  relationships 


V  =  (L  +  nAL)— +  I  R  +  nAR  +  — 

\  I  Af 


dt 


AL 


At 


(2) 
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n  =  -l,0,  1,2 

for  four  close  adjacent  time  instants,  where  AL  and  AR  are  the  differences  of  the  inductance  and  resistance  between  two 
successive  time  instants.  Then  solving  The  system  of  the  above  algebraic  equations  (2)  we  can  find  the  values  of  R  and  L 
which  correspond  at  the  middle  of  the  time  period  covering  the  four  adjacent  time  instants.  Scanning  the  entire  time  region 
of  the  discharge,  the  time  histories  of  the  resistance  R  and  inductance  L  of  the  laser  channel  can  be  calculated. 


3.  Experimental  Verification,  Measurements 


The  above  mentioned  method  of  finding  the  time  histories  of  the  inductance  and  resistance  of  the  laser  discharge  was 
verified  through  a  typical  charge  transfer  circuit  (C-to-C)  Nitrogen  laser  with  capacitors  Ci  =  18  nF  (Storage  Capacitor)  and 
C2  =  12  nF  (Peaking  Capacitor).  This  is  shown  in  fig.  1. 


LT 


Details  on  the  description  of  the  above  laser  system  is  given  in  a  previous  paper  of  ours.^  The  waveform  of  the 
voltage  V  was  taken  through  a  high  voltage  probe  (Tektronix  P6015)  and  a  fast  oscilloscope  (Tektronix  7104  rise  time 
350ps).  The  waveform  of  the  current  I  has  also  been  measured  through  a  fast  rise  time  viewing  resistor  (T&M  INC.  W-2- 
0005- 18FC,  with  resistance  0.0005  Q).  These  waveforms  of  the  voltage  V  and  current  I  are  shown  in  fig.  2,  Afterwards, 
These  waveforms  were  filtered  with  a  Butterworth  filter  5*  order  and  the  cut-off  fi*equency  was  2.25  x  10^  Hz.  This  filtering 
eliminated  the  small  distortions  of  the  waveforms  and  gave  more  accurate  derivatives  (fig.3). 


fig.  2  The  voltage  V  and  current  I  waveforms 


fig.  3  The  first  derivative  of  the  current  waveform  I 

The  first  derivative  of  the  current  I  was  calculated  through  the  ‘5^  point’  difference  formula"^’^  This 

calculation  verified  by  the  Savitzky-Golay  smoothing  filters,  which  do  best  at  preserving  feature  heights  and  widths^. 
Substituting  the  values  of  the  voltage  V,  the  current  I  and  its  first  derivative  dl/dt  into  equation  (1)  we  form  similar  algebraic 
relationships  between  the  resistance  R  and  inductance  L  of  the  laser  discharge  for  every  time  instant.  Combining  these 
relationships  for  four  adjacent  time  instants  we  can  find  the  values  of  R  and  L  for  the  time  period  covering  the  four  adjacent 
time  instants.  Scanning  the  entire  time  region  of  the  laser  discharge  the  time  histories  of  the  resistance  R  and  inductance  L  of 
the  laser  discharge  are  revealed.  These  are  shown  in  fig.  4, 


& 


fig.4  The  time  history  of  the  resistance  R  and  inductance  L,  of  the  laser  channel 
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4.  Discussion 


The  time  dependence  of  these  electric  quantities  shows  strong  variations  in  the  formation  phase  of  the  discharge  (first 
45  ns).  Concretely,  The  resistance  R  (fig.4)  of  the  laser  discharge  drops  exponentially  from  a  very  high  value,  because  of  the 
electron  avalanche  multiplication. 

On  the  other  hand  the  inductance  L  of  the  laser  discharge  shows  an  abrupt  high  peak  which  is  attributed  to  the 
temporary  plasma  constriction.^  This  is  due  to  the  attractive  electromagnetic  forces  (Laplace  force)  because  of  the  parallel 
motion  of  the  electrons.  The  following  expansion  of  the  plasma  results  from  the  finite  time  required  for  the  electric  field  to 
penetrate  into  plasma.  This  is  due  to  the  well  known  skin  depth  effect.^’^  This  phenomenon  is  derived  from  Maxwell’s 
equations 


3 

VxE  =  -— ,  VxB  =  HoJ  +  ^o^SoE  (3) 

ot  at 

V(V.E)-V2e  =  Ho^+^o^BoE  (4) 

ct  at 

Assuming  V  •  E  =  0  and  —  SqE  ((  J  then  one  obtains 
dt 

V'E-^o|(aE)  =  0  (5) 

This  diffusion-like  equation  for  the  electric  field  in  a  plasma  is  the  basis  of  inductance.  Finally,  after  the  formation 
phase  of  the  discharge,  the  inductance  and  resistance  of  the  laser  discharge  present  small  fluctuations  around  constant  values. 

5.  CONCLUSION 

In  this  work  a  simple  and  accurate  method  of  finding  the  time  dependent  resistance  and  inductance  of  a  laser 
discharge  is  described.  This  method  uses  only  the  voltage  across  the  laser  channel  and  the  current  which  flows  through  the 
laser  discharge.  The  method  is  independent  on  the  type  of  the  used  electric  circuit  and  their  electrical  parameters  are  not 
required.  The  differential  equation  governing  the  laser  discharge  is  very  simple  and  we  use  only  the  values  of  the  voltage 
across  the  laser  discharge,  the  current  and  its  first  derivative.  Thus,  mathematical  model  is  simpler  than  the  model  proposed 
in  another  paper  of  ours^’^  and  the  numerical  and  experimental  errors  are  smaller. 

The  resistance  and  inductance  of  the  laser  discharge  vary  strongly  in  the  formation  phase  of  the  discharge  while  in  the 
main  phase  they  fluctuate  around  constant  values. 
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ABSTRACT 

A  measurement  of  the  electrical  parameters  degradation  of  Si  photodiodes  irradiated  by  laser  visible  light  has  been 
performed.  Tlie  laser  is  a  Q-switched  Nd:YAG,  frequency  doubled,  operated  in  single  pulse  mode  of  4  ns  duration.  The 
applied  fluence  levels  range  up  to  90  J/cm^.  Two  kinds  of  irradiation  process  have  been  applied  :  either  a  part  of  the  detector 
active  area  has  been  irradiated  in  single  pulse  mode,  or  a  scanning  of  the  whole  detector  active  area  has  been  performed  with 
successive  identical  pulses.  It  has  been  shown  that  the  fluence  necessary  to  induce  significant  changes  (local  decrease  of 
35%)  in  responsivity  is  several  times  the  surface  melting  threshold  fluence  (0.5  J/cm^).  Conversely,  the  dark  current  is  the 
most  sensitive  parameter,  it  increases  by  about  four  magnitudes  for  high  irradiation.  The  in-depth  dopant  distribution  is 
altered  by  high  fluence  irradiation  in  a  way  that  cannot  be  explained  by  simple  thermal  modelization. 

Keywords  :  visible  laser,  silicon  photodiode,  detector,  laser  induced  damage,  responsivity,  junction  capacitance,  dark 
current,  dopant  diffusion 


1.  INTRODUCTION 

Silicon  photodiodes  are  the  most  common  detectors  used  to  measure  near-infrared  and  visible  optical  radiation.  Many 
applications  such  as  radiometry,  photometry  and  colorimetry  require  these  devices  to  be  operated  in  laser  environments 
where  radiation  overloads  are  likely  to  be  produced  (if  for  example,  the  laser  beam  is  focused  on  the  active  area  of  the 
detector).  It  becomes  important  to  understand  the  laser  induced  permanent  modification  in  the  electrical  parameters. 
Morphological  damage  for  silicon  material  has  been  extensively  studied*,  and  a  threshold  fluence  for  melting  surface 
(0.5  J/cm^  for  a  4  ns  laser  pulse)  has  been  established.  Moreover,  the  morphological  damage  and  its  influence  on  the  response 
of  a  detector  has  been  studied  by  Watkins  et  aF.  The  purpose  of  this  paper  is  to  extend  this  investigation  in  order  to  get  a 
better  knowledge  of  the  damage  process. 


2.  EXPERIMENTAL  RESULTS 


2.1  Experimental  set-up 


FIG.  1.  Experimental  system  used  for  laser  irradiation 


An  experimental  set-up  (Fig.  1)  has  been  used  to  perform  the 
irradiation  of  the  detectors  .  The  laser  beam  is  focused  to  a 
spot  radius  of  about  1  mm.  Two  kinds  of  commercial  Si 
detectors  have  been  used  for  test.  The  laser  source  was  a  Q- 
switchedNd:YAG  laser,  frequency  doubled  (X-=532  nm)  with 
a  4  ns  pulse  width  duration  (FWHM)  and  a  pulse  energy  of 
0.4  J  per  pulse  (BMI  502).  The  radial  profile  of  laser  intensity 
is  nearly  Gaussian,  as  well  as  the  temporal  distribution. 
Electrical  parameters  were  measured  before  and  after 
irradiation.  Each  detector  was  irradiated  with  a  single  pulse 
shot ;  for  the  small  detectors  (7  mm^-BWP  34),  the  irradiated 
area  was  roughly  11%  of  the  active  area,  whereas  for  the 
large  ones  (41.3  mm^-995),  it  was  about  2%.  For  the  latter,  a 
series  of  tests  has  been  performed  by  scanning  the  entire 
active  surface  irradiation  with  successive  pulses,  in  order  to 
obtain  a  uniform  90J/cm2  fluence  on  the  whole  detector. 
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2.2  Junction  Capacitance  (JC)  measurement 
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A  lock-in  amplifier  (LIA-EG&G  5302)  has  been  used  to 
measure  the  JC  for  different  frequencies  (I  kHz,  10  kHz,  100 
kHz  and  1  MHz).  For  f-10  kHz  and  Fi^^x-90J/cm'^  (BPW34), 
the  JC  increases  by  39%  whereas  at  f=100  kHz,  the  JC  is  not 
modified.  Fig.  2  shows  the  increase  of  the  JC  after  irradiation 
with  higher  fluences  :  18  and  90  J/cm^  .  Notice  that  the  JC  is 
more  strongly  modified  at  =  18J/cm^  than  at  Fij^^x^^^O 
J/cm^.  No  rigorous  explanation  has  been  found  yet  for  this 
effect.  Decreasing  fluence  from  90J/cm^  to  1 8J/cm^  shows  an 
increase  of  JC  due  to  laser  irradiation  in  the  whole  frequency 
range  from  1  kHz  to  1  MHz.  Finally,  we  have  also  observed 
(Fig.  2)  that  the  JC  exhibits  an  inflexion  point  for  a  reverse 
voltage  of  7V  (f=l  kHz)  under  a  90J/cm^  fluence.  This  phenomenon  has  not  been  observed  for  a  18J/cm^  fluence.  For  the 
large  995  detectors,  the  JC  remains  unaffected  after  a  single  pulse  90J/cm^  fluence  irradiation;  however,  if  the  whole  sensitive 
area  is  irradiated,  the  measured  variations  of  the  main  electrical  parameters  are  in  good  agreement  with  those  obtained  with 
type  BPW34  detectors.  Furthermore,  we  noticed  that  the  JC  exhibits  an  inflexion  point  dependent  on  the  frequency. 


Vr(V) 

FIG.  2.  JC  measurement  -  BPW34  detector  -  f  =  1  kHz. 


2.3  Dark  current 


j  a  Before  irrudiution  | 

I  ■  After  irradiution  ! 

I _ i 


FIG.  3.  Variation  of  the  dark  current  with  fluence 


The  detector  is  15  V  biased  and  placed  in  darkness.  Fig.  3  shows 
how  the  dark  current  varies  with  the  fluence.  It  increases  by  three 
to  four  orders  of  magnitude  as  soon  as  the  fluence  is  higher  than 
several  J/cm^.  The  dark  current  has  been  less  modified  for  large 
area  type  995  detectors  than  for  small  area  type  BPW34  ones  :  the 
dark  current  increases  by  150%  after  a  90J/cm^  one-pulse 
irradiation.  For  the  entirely  irradiated  "large"  detector,  the  dark 
current  increases  from  20  nA  to  10  pA  after  irradiation.  According 
to  the  above  measurements,  the  variation  of  the  main  electrical 
parameters  is  mainly  dependent  on  the  ratio  of  the  damaged  area  to 
the  total  active  area.  This  increase  has  been  pointed  out 
qualitatively  by  Watkins  et  aP-^ 


2.4  Overall  sensitivity 


FIG.  4.  Local  responsivity  variation  of  the  irradiated  detector. 

2.5  Local  sensitivity  variation  on  large  detector 


The  decrease  of  the  overall  sensitivity  of  the  small  detectors 
after  irradiation  is  rather  small  :  25%  at  90  J/cm^  and  24% 
at  18  J/cm^.  For  large  detectors,  the  behaviour  is  similar  to 
that  of  small  detectors  (BPW34).  The  global  sensitivity  of 
the  large  detectors  exhibits  a  decrease  of  37%  when 
irradiated  by  scanning  the  whole  active  area,  whereas  a 
decrease  of  only  7%  has  been  pointed  out  for  the  995  type 
irradiated  by  a  single  pulse  (90  J/cm^). 


The  "local"  sensitivity  of  partially  irradiated  detectors  has  been  measured  as  follows :  the  entire  active  area  is  scanned  with  a 
probe  beam  (HeNe)  focused  in  order  to  get  a  small  spot;  the  beam  is  mechanically  chopped  at  the  frequency  f=4  kHz,  in 
order  to  measure  the  signal  of  the  HeNe  laser  beam.  Figure  4  shows  that  the  local  responsivity  of  the  detector  exhibits  a  drop 
of  35%  at  the  center  of  the  damaged  area  ;  this  effect  can  be  attributed  to  the  AR  coating  removal.  Indeed,  the  unaffected 
surface  does  not  reflect  the  HeNe  beam,  whereas  a  diffuse  reflection  can  be  seen  at  the  location  of  the  damaged  site. 
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2.6  Reverse  current,  Short  Circuit  Current  (SCC)  and  Open  Circuit  Voltage  (OCV) 


The  reverse  voltage  Vr  ranges  from  zero  volt  (included)  to  the  breakdown  voltage  (excluded).  It  has  been  shown  that  the 
SCC  drops  of  16%  under  a  90  J/cm^  fluence  and  of  27%  under  18  J/cm^,  whereas  the  OCV  decreases  by  12%  under  90  and 
18  J/cm^.  According  to  the  above  measurements,  the  variation  of  the  main  electrical  parameters  is  mainly  dependent  on  the 
ratio  of  the  damaged  area  to  the  total  active  area.  For  large  detectors  irradiated  by  scanning  the  whole  active  area,  the  SCC 
and  OCV  have  decreased  by  39%  and  15%  respectively.  This  increase  of  the  leakage  current  of  the  detector  after  irradiation 
has  been  noticed  by  Watkins^-^  and  Borchi^.  Furthermore,  Watkins^  noticed  that  the  leakage  current  increases  when  a 
sufficiently  large  quantity  of  defects  is  introduced  in  the  depletion  region. 


2.7  SUMS  experiments 


FIG.  5.  Profiles  of  the  boron  concentration  given  by  SIMS  of  adetector  before 
and  after  irradiation  (Fimax=90  J/cmT 


Several  SIMS  (Secondary  Ion  Mass 
Spectroscopy)  experiments  have  been  made  at  the 
Centre  de  Recherches  Nucleates  (CRN-PHASE) 
of  Strasbourg.  This  experiment  yields  the  in-depth 
concentration  of  dopants  in  a  semiconductor. 
Typical  results  are  shown  on  Fig.  5  :  before 
irradiation,  the  junction  depth  is  about  0.6  jim 
deep;  after  a  90J/cm^  irradiation,  it  increases  up  to 
5.5  pm  measured  from  the  bottom  of  the  crater. 
Taking  into  account  the  depth  of  ablated  material, 
it  can  be  assumed  that  the  melting  pool  reaches  a 
depth  of  10  pm. 


3.  THEORY 


3.1  Thermal  model  description 


Oi)  5J)  10.0  2iM}  25J)  30U>  35U>  400  45J) 
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FIG.  6.  Numerical  application  Silicon  disk.  3  mm  diameter,  3  pm  thick: 
laser  pulse  duration  =  5  ns  ;  pulse  energy  =  0.3  J 


Thermal  models  are  useful  to  predict  the  time  history 
and  the  extent  of  the  heat  affected  zone  (the  shape  of 
the  melting  pool).  For  short  laser  pulses,  the  dopant 
diffusion  takes  place  mainly  in  the  liquid  phase  of  the 
material.  Purely  analytical  solutions^  of  the  thermal 
diffusion  equation  are  available  in  some  limit  cases 
including  constant  thermal  propenies  and  in  the  case 
of  a  phase  change  in  the  vicinity  of  the  steady  state 
solution^.  These  analytical  solutions  are  not  suitable 
in  the  present  case  :  thermal  and  optical  properties  of 
;  silicon  are  strongly  temperature  dependent.  As  an 
example  the  volume  absorption  coefficient  a  ranges 
from  10"^  cm'^  at  room  temperature  to  10^  cm'^  at  the 
vaporization  temperature^  (at  A.=0.532  um).  The 
deposition  of  laser  energy  cannot  be  considered 
spatially  uniform  and  constant  in  time.  Furthermore, 
-  it  can  be  shown  that,  due  to  the  short  irradiation  time, 
the  thermal  diffusion  length  remains  of  the  same 
order  of  magnitude  as  the  absorption  coefficient 
length  (1/a).  Therefore,  silicon  cannot  be  considered 
to  be  a  purely  opaque  material  as  suggested  by  the 
high  values  of  a  («  lO^cm'^).  Temperature  profiles 
exhibit  an  "in-depth”  overshoot  well  above  the 


surface  temperature  which  remains  fixed  at  the  vaporization  value.  In  order  to  properly  predict  the  time  history  of  the  melting 
pool,  with  data  close  to  our  experimental  conditions,  a  more  sophisticated  2D  axisymmetric  thermal  model  has  been  used^ 
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This  model  solves  the  general  form  of  Fourier  equation  in  a  2D  axisymmetric  space  limited  by  a  time  dependent  free 
boundary.  The  ’’source”  term  takes  into  account  the  large  variation  of  the  volume  absorption  coefficient  as  a  function  of 
temperature.  Two  interfaces  defmed  by  solidus  and  liquidus  temperatures  limit  a  ”  slush”  phase  in  which  the  specific  heat  is 
increased  by  the  latent  heat  of  fusion.  This  assumption  does  not  strictly  apply  to  pure  materials  with  single  melting 
temperature.  Nevertheless,  it  has  been  kept  for  computational  purposes  provided  this  temperature  difference  is  reduced  to  a 
few  degrees.  The  heat  input  (laser  beam  absorption)  can  be  specified  in  both  space  and  time  (here,  lQ(r)  and  Ij^(t)  are 
Gaussian).  Fig.  6  shows  the  temperature  evolution  of  the  front  and  back  faces  (located  at  the  center  line).  Also  despicted  is 
the  shape  of  the  three  above  defmed  interfaces  nt  the  end  of  laser  irradiation.  It  can  be  noticed  that  a  large  part  oi  the  material 
has  been  vaporized  and  that  the  liquid  layer  remains  very  thin  during  the  whole  interaction  process. 

4.  DISCUSSION  AND  CONCLUSION 

The  sensitivity  decrease  due  to  laser  irradiation  can  be  explained  in  the  two  following  ways  :  first,  the  appearance  of  a  diffuse 
reflexion  resulting  from  the  removal  of  the  AR  layer  under  the  laser  impact  and/or  secondly,  the  increase  of  the  density  of 
surface  states^.  In  that  case,  the  surface  recombination  velocity  increases,  thus  inducing  a  drop  of  the  phoiocarriers 
(minority).  The  measurement  of  the  crater  profile  is  in  relative  agreement  with  the  predicted  mass  removal  through  surface 
vaporization  given  by  the  numerical  model.  However,  SIMS  experiments  show  an  extended  zone  of  boron  diffusion  (up  to  10 
pm  in  depth).  Assuming  that,  for  such  short  duration  laser  pulses,  dopant  diffusion  takes  place  only  during  the  liquid  phase 
lifetime,  such  a  deep  diffusion  cannot  be  explained  on  the  basis  of  computed  liquid  layer  thickness  and  duration.  The 
electrical  parameters  such  as  the  OCV,  SCC  and  the  Dark  Current  (DC)  are  substantially  modified  if  the  laser  affected 
surface  covers  almost  the  whole  of  the  detectors  sensitive  area.  The  DC  has  been  increased  by  a  factor  of  10^  to  10"^  thus 
inducing  a  noise  increase  which  merges  the  output  signal.  The  irradiated  detector  will  be  unable  to  detect  small  light  signals. 
The  measured  increase  of  the  JC  is  due  to  the  creation  of  defects  acting  as  recombination  centers,  thus  decreasing  the 
minority  carriers  lifetime.  Laser  irradiation  induces  the  migration  of  these  defects  toward  the  depletion  region,  thus  rising  the 
JC  as  pointed  out  by  several  authors^’^’^  (they  state  that  an  increase  of  the  DC  by  a  factor  of  4  produces  an  increase  of  the  JC). 
This  is  in  agreement  with  the  fact  that  our  experiences  conducted  with  a  single  partial  irradiation  of  large  active  area 
detectors  do  not  exhibit  JC  modification,  emphasizing  the  effect  of  the  laser  spot  size  /  active  area  ratio.  The  measured 
electrical  parameters  variation  of  irradiated  detectors  stresses  that  there  is  no  single  ’’destruction  threshold",  but  a  progressive 
decrease  in  performances  as  the  applied  fluence  is  increased. 
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ABSTRACT 

To  study  the  performance  of  high  power  lasers  with  a  many-sided  electron  beam  injection,  MUFLON-code  has  been 
developed.  This  code  \vas  used  to  choose  and  design  optimum  injection  schemes  for  the  excitation  of  the  high-power  gas 
lasers  developed  at  the  High  Current  Electronics  Institute. 

Keywords:  high  power  lasers,  many-side  electron  beam  excitation,  computer  modeling. 

1.  MUFLON-CODE 

Electron  beams  of  hundreds  of  kiloelectron- volts  are  used  for  pumping  high-power  gas  and  chemical  lasers  having  a 
large  active  gas  volume.  For  a  uniform  excitation  of  such  a  volume,  pumping  schemes  using  several  beams  injected  ;S}^m- 


Fig.  1 .  Spatial  distribution  of  the  pumping  power  over  the  active  volume  of  the  output  module  filled  with  argon  at  2  atm  in 
30  (r?),  90  (h).  200  (c)  and  400  ns  (cl) 
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metrically  on  the  laser  cliamber  sides  have  been  suggested. 

To  study  the  performance  of  high-power  lasers  with  many-sided  electron  beam  injection,  the  MUFLON  code  has 
been  developed.  This  code  is  based  on  a  self-consistent  solution  of  problems  concerning  the  electron  beam  energy  deposition 
and  the  plasma  chemical  reaction  kinetics  and  the  Boltzmann  equation  for  the  plasma  electron  energy  distribution  function 
and  of  the  equations  for  photon  fluxes.  MUFLON  includes  Monte-Carlo  code  VOLPUM  to  calculate  the  spatial  electron 
energy  distribution  in  a  gas  mixture  for  any  electron  beam  injection  scheme*. 

2.CALCULATION  RESULTS 

Using  the  codes  developed,  computations  were  perfonned  to  investigate  the  uniformity  and  efficiency  of  the  excita¬ 
tion  of  the  active  volume  of  a  high-power  laser  system  with  many-sided  injection  of  monoenergetic  radially  convergent 
beams.  To  pump  this  type  of  laser  system,  accelerators  with  the  voltage  pulse  amplitude  stabilized  by  vacuum  lines  are 
commonly  used.  These  units  substantially  increase  the  mass  and  overall  dimensions  of  the  system,  which  is  a  disadvantage 
of  such  systems^. 

An  electron  accelerator  powered  from  a  vacuum-insulated  voltage  pulse  generator  was  developed  at  the  High  Current 
Electronic  Institute  and  used  as  a  base  for  tlie  creation  of  compact  laser  modules  with  many-sided  injection  beam  pumping, 
capable  of  producing  100-1000  J  of  output  energy^.  A  feature  of  the  excitation  of  laser  modules  with  the  use  of  this  type  of 
accelerator  is  a  time-varying  special  distribution  of  the  pumping  power  \\hich  is  related  to  the  time-varying  voltage  pulse 
amplitude.  We  have  analyzed  theoretically  the  capabilities  of  many-sided  nonmonoenergetic  election  beam  injection 
schemes  for  excitation  of  large  gas  volumes  and  have  shown  this  excitation  method  shows  a  rather  high  efficiency  and  pro¬ 
vides  good  azimuth  uniformity  of  the  pumping  power. 

Figure  1  shows  the  e\^olution  of  the  pumping  power  spatial  distribution  in  the  active  volume  of  the  output  module 
(OM)  of  a  cascade  laser  system  rated  at  several  Idlojoules  of  the  pulse  output  energy.  The  active  volume  of  the  output  mod¬ 
ule  has  the  shape  of  a  cylinder  of  radius  30  cm.  and  length  200  cm.  Used  to  excite  it,  12  accelerators  arranged  symmetrically 
by  six  in  two  rows  were  used.  This  injection  scheme  was  chosen  after  a  preliminary  investigations  of  the  deposited  energy 
distribution  using  the  VOLPUM  code.  The  investigation  has  shown  (Fig.  1)  that  for  this  system  operated  wth  argon-based 
gas  mixtures  the  energy  disposition  is  most  uniform  and  efficient  at  a  pressure  of  about  2  atm.  With  that,  up  to  60%  of  the 
beam  energ}^  is  deposited  in  the  uniform  excitation  mode.  At  high  pressures,  although  the  azimuth  uniformity  is  kept  good, 
a  large  fraction  of  the  energy  is  absorbed  near  the  foils,  which  results  in  a  nonuniform  radial  energ}'  distribution. 


P,  MW/cm^  W,MW/cm^ 


t,  ns 


Pump(r=25cm) 

Laser(r=25cm) 

Pump(r=0cm) 

Laser(r=f)cm) 


Fig  2  Time-varying  pumping  power  P  and  output  power  density  W  at  the  axis  of  the  output  module  (r  =  0)  and  near 

the  foil  (r  -  25  cm.) 
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Wc  have  performed  a  detailed  simulation  of  the  OM  operating  in  the  mode  of  laser  oscillation  with  a  plane-parallel 
resonator  through  the  transitions  of  the  XeCl  molecule  occurring  on  the  excitation  of  the  Ar-Xc-CI  mixture. 

The  kinetics  model  used  to  simulate  the  plasma  processes  is  described  in  detail  elsewhere'.  The  calculated  time- 
varying  laser  radiation  power  density  at  the  system  axis  and  at  r  =  25  cm  is  presented  in  Fig.  2. 


«/„  HCl,  % 


Fig.  3.  Optimum  concentration  of  Xe  and  HCl  as  functions  of  the  average  pumping  power  at  a  gas  mixture  pressure 

of  2  atm. 

Having  analyzed  the  results  of  the  calculation  of  the  laser  output,  we  have  arrived  at  the  conclusion  that  the  optimum 
composition  of  the  gas  mixture  strongly  depends  on  the  average  pumping  power  that  varies  over  the  cross  section  of  the  op¬ 
erating  chamber  of  the  system.  From  Fig.  3  it  can  be  inferred  that  for  low  pumping  powers  the  mixlures  with  a  low  content 
of  HCl  are  optimum.  As  the  pumping  power  is  increased  from  0.1  to  0.4  MW/  cm^,  the  concentration  of  HCl  increases  in 
optimized  mixtures,  and  so  does  the  concentration  of  Xe,  the  rise  rate  of  the  former  being  higher  then  that  of  the  latter. 
Thus,  at  low  pumping  powers  the  optimum  proportion  of  the  components  is  Xe  :  HCl  =  40  :  1,  while  at  high  pumping  pow¬ 
ers  it  is  25  :  1.  The  change  in  the  optimum  concentration  component  ratio  is  related  to  the  energy  transfer  processes  and  to 
the  formation  of  XeCl  molecules. 

1,  % 


Fig.  4.  Laser  oscillation  efficiency  as  function  of  the  average  pumping  power  for  the  output  model  \vith  an  optimized  gas 

mixture  pressure  at  2  atm. 

It  has  been  predicted  that  as  the  pumping  power  is  increased  from  0,1  to  0,4  MW/cm\  the  laser  oscilation  efficiency 
increases  insignificantly  (Fig  4  )  remaining  below  ~  3%,  the  highest  value  achieved  for  the  given  gas  mixtures  at  high  gas 
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pressers.  Thus,  for  the  output  module  operating  in  the  laser  oscillation  mode  at  a  mixture  pressure  of  2atm.  the  expected 
efficiency  is  L6-L7%,  which  agrees  with  experimental  data  to  within  experimental  error. 
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ABSTRACT 

The  possibility  of  the  wave  of  reflection  and  conduction  mechanism  as  interaction  of  soliton  and  heat  flows  is 
discussed  on  the  base  of  our  groups  experimental  results  and  published  data  of  soliton  motion  computer  modelling . 

Keywords:  photoinduced  wave,  soliton  -  like  behaviour,  reflection,  conduction,  pressure  variations,  IR  laser  excitation, 
solitonic  mechanism. 


1.INTRODUCTION 

The  heat  energy  produced  by  IR  laser  pulse  is  the  ground  reason  of  the  Wave  of  Reflection  and  Conduction 
(WRC)  appearance;  part  of  that  energy  is  transported  later  by  WRC  in  the  maimer  different  from  usual  heat  diffusion  [1]. 
WRC  has  a  number  of  specific  features  that  ch^cterised  solitaiy  wave  or  soliton. 

The  question  about  possible  roll  of  solitons  in  transfer  of  heat  energy  has  up  to  now  a  rather  long  story.  Solitary 
wave  was  discovered  by  J.S.  Russell  on  Union  Canal  in  Edinburgh,  Scotland,  in  1834,  but  second  rediscovery  of  it  was 
made  by  N.G.Zabusky  and  M.D.Kruskal  in  1965  [2].  They  were  investigated  the  ergodic  problem  of  E.Fermi  -  J.R.Pasta  - 
S.Ulam,  which  showed  [3]  that  energy  in  coupled  harmonic  oscillators  did  not  equally  distributed  as  it  is  supposed  to  be. 
E.A.Jackson  [4]  and  M.Toda  [5]  devoted  special  articles  to  the  solitons  and  lattice  thermal  conductivity  relation.  They 
pointed  out  that  non  adequacy  of  the  ergodic  hypotheses  following  from  soliton  solutions  of  nonlinear  equations  poses  the 
question  about  nonvalidity  of  the  Fourier  law  established  in  1822.  M.Toda  formulated  in  [5]  that  in  nonlinear  lattices  the 
energy  is  maiiily  transported  by  solitons,  which  play  important  roles  in  the  heat  conduction  in  the  disordered  non-linear 
lattices  ( that  was  one  -  dimensional  in  his  calculations  for  simplicity). 

As  soon  as  we  know  nearly  all  investigations  in  this  area  were  made  theoretically  or  by  means  of  numerical 
solutions  of  nonlinear  equations  by  help  of  computers.  There  exist  also  the  published  opinion  of  R.E.Peierls  [6]  that  even 
close  to  the  melting  point  theclose  to  the  melting  point  the  magnitudes  of  excitations  in  real  three  -  dimensional  systems 
are  so  small  that  soliton  -  like  contributions  can  surely  be  neglected. 

This  opinion  could  be  disputed.  For  the  case  of  non  stationary  conditions  the  input  of  energy  transfer  by  solitons 
could  be  entirely  determining  during  some  period  of  time  and  for  the  some  distance  from  pulse  heat  source.  It  happens 
because  of  the  grate  difference  in  the  velocity  of  heat  transfer  due  to  heat  diffusion  (realised  mainly  by  phonons  at  high 
temperatures)  and  heat  transfer  due  to  soliton  -  like  wave  processes. 


2.  RESULTS  OF  EXPERIMENTAL  WRC  STUDYING 

It  has  been  used  the  non  stationary  measurements  method  for  setting  up  an  experiment  which  was  realised  in 
series  of  our  works  including  [1,7-14].  Effect  of  non  difiuse  soliton  -  like  energy  transfer  is  also  small  in  such  an 
experiments:  (5  -r  50)  K  of  heating  as  evaluated  from  changing  of  reflection  coefficient  AR  =  (0,5  5)%.  But  this  effect 

was  entirely  determining  the  sample  transient  heating  in  the  area  of  WRC  maximum  at  the  (4  -r  1)  mm  distances  from  IR 
laser  focal  point. 
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It  is  important  that  the  heat  energy  can  be  translated  by  WRC  trough  the  samples  of  any  of  4  main  crystal  types 
and  also  of  some  amorphous  solids  or  glasses  as  it  was  shown  in  experiments  [1,7-14].  WRC  has  following  solitary  wave 
features  in  mentioned  our  experiments:  1)  the  WRC  amplitude  is  of  one  sign  (all  the  time  or  above  or  below  abscissa  so 
its  shape  differs  from  sinusoidal  one)  and  it  is  changing  much  more  slowly  than  by  diffiision  law.  2)  The  WRC  is  very 
stable  and  its  velocity  (or  velocity  of  its  mentioned  components)  states  nearly  constant.  3)  The  WRC  reflects  from  the 
sample  surfaces  without  changing  the  sign  of  pulse  amplitude.  4)  At  some  conditions  it  may  loss  the  stability  when  the 
only  one  parameter  changed.  For  example  WRC  could  degrade  after  short  distance  of  travelling  if  DC  electrical  field  will 
be  imposed  on  the  conducting  HT  SC  sample  [15]. 


3.  APPROACH  TO  SOLITONIC  MECHANISM  OF  THE  WRC 


Taking  in  to  account  this  soliton  -  like  behaviour  of  WRC  it  is  naturally  to  try  to  develop  the  solitonic 
mechanism  of  this  wave. 

The  heat  equation 


du 

~di 


(1) 


does  not  have  soliton  solution  as  a  linear  one.  To  have  a  chance  to  made  some  of  comparison  with  theoretical  results  in 
area  of  solitonic  research  we  choose  "Toda  lattice"  [16]  as  a  very  rough  model  of  the  solid  state  substances  where  WRC  is 
travelling.  Toda  lattice  is  one  -  dimensional  lattice  with  exponential  interaction  of  the  closest  neighbours.  It  has  following 
equation  of  motion  (with  a  and  b  constants  such  that  ab  >  O): 


d^y 

dt 


a  (e 


which  has  at  some  limit  the  following  soliton  solution: 


e 


-  ^  (  >«  +  ! 


(2) 


e  -  1  =  sech^(a«  +  Bt), 

ab 


P  =  a/-—  sinh  a  •  As  one  can  see  in  [16],  "The  two  last  equations  represent  a  pulse  -  like  wave  of 
V  Ttt 

compression  for  b>0  with  width  h/a,  height  p*  and  speed 

c  =  Ph/a,  (4) 

where  h  is  the  lattice  spacing.  The  higher  the  pulse,  the  smaller  the  width  and  the  larger  its  speed".  It  is  important  for  us 
here  that  lattice  spacing  h  is  included  in  expression  of  soliton  speed  c:  c  =  ph/a  =  (h/a  )(ab/m)‘'*  x  sinha  ->  h(ab/m)“ 
at  small  a,  because  in  this  case  sinha  ou 

One  can  see  from  expression  for  the  c  -  value  that  it  is  possible  to  fulfil  the  comparison  of  the  results  for  taken 
theoretical  model  with  measured  velocity  of  WRC  using  two  parameters,  namely  c  -  h/ vW  .  Such  a  comparison  gives  a 
kind  of  agreement  for  10  different  sample  materials  studied  in  [17]. 

For  additional  experimental  support  of  general  soliton  -  like  model  of  heat  transfer  it  would  be  veiy  important  to 
check  whether  the  mentioned  before  rigid  Toda  lattice  soliton  wave  velocity  expression  (4)  is  satisfying  all  the  timp;  when 
WRC  is  travelling  along  ftie  sample.  For  such  a  control  one  needs  to  measure  carefully  such  WRC  component  parameters 
as:  height  of  pulse  amplitude,  its  width  and  its  velocity.  In  our  case  it  needs  fulfilment  an  additional  experiments  on 
scheme  different  from  one  used  before;  we  hope  to  get  the  results  of  such  an  experiments  later. 

One  can  see  from  data  presented  in  [17]  that  WTIC  velocity  does  not  follow  any  dependence  on  heat  difiusion 
coefficient  that  was  changing  in  a  very  broad  (4  orders  of  magnitude)  region  for  solid  state  samples  especially  chosen  for 
such  investigation. 
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4.  ABOUT  KINETICS  OF  WRC  APPEARANCE 


It  is  important  also  to  understand  the  kinetics  of  the  WRC  appearance  processes  following  the  time  of  laser 
irradiation  of  the  sample.  The  following  WRC  creation  scenario  agrees  with  set  of  our  different  experiments  and 
published  data  of  soliton  motion  computer  experiments. 

The  local  laser  excitation  of  the  sample  causes  production  of  the  solitons  which  distribute  with  approximately 
soimd  velocity,  c,  through  all  over  the  sample.  If  our  explanation  of  WRC  experiments  is  correct  they  reflect  fi:om  the 
sample  boundaries  and  keep  moving  during  a  time  of  the  order  of  few  seconds  gradually  loosing  the  energy.  For 
comparison  time  of  lattice  ions  vibrational  relaxation  typically  is  equal  to  10"'^  s.  When  it  registered  at  some  distance 
from  focal  spot,  WRC  has  many  components  with  velocity  at  least  in  the  range  of  30  -r  1.0  cm/s  [ll].One  of  the  slowest 
component  has  a  10'^  x  c  velocity  that  corresponds  to  the  speed  of  heat  flow  for  the  first  moments  of  usual  heat  difiusion  ( 
as  it  was  foimd  for  NdCeCuO).  The  interaction  of  the  wave  components  with  soliton  flow  causes  nonlinear  heat  difiusion 
behaviour.  In  combination  with  sample  wave  dispersion  it  may  produce  the  conditions  of  stable  solitary  wave  existence 
for  WRC.  WRC  will  slowly  degrade  ^1  along  with  solitons. 

The  crystal  sugar  results  of  pressure  variation  measurements  made  with  1  |is  resolution  at  different  sweep  speed 
of  oscilloscope  [12]  are  in  reasonable  agreement  with  mentioned  WRC  creation  scenario. 


5.CONCLUSION 

As  an  conclusion,  our  experimental  results  support  the  possibility  of  non  stationary  soliton  -  like  heat  transfer  in 
different  three  -  dimensional  solid  states  samples,  and  Toda  lattice  model  gives  solution  that  looks  like  being  in  a  kind  of 
agreement  with  experimental  results. 
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ABSTRACT 

This  paper  describes  the  analysis  of  power  extraction  from  a  chemical  oxygen  iodine  laser  (COIL)  using  a  Simplified 
Saturation  Model  (SSM).  Previously  our  COIL  modeling  efforts  have  been  limited  by  an  inability  to  accurately  measure  OjC^A) 
concentrations  which  in  tern  is  a  measure  of  the  power  available  in  tlie  laser.  Earlier  application  of  the  SSM  to  RotoCOIL  data 
implied  that  our  measured  OjC^A)  could  not  be  coirect.  In  this  paper  we  show  how  a  new  method  for  expeiimentally  inferring  OjC*  A) 
by  measuring  OjC^S)  leads  to  better  agreement  between  experiment  and  theory.  These  results  strongly  imply  that  if  a  COIL  model 
is  anchored  to  literature  02(^  A)  measurements,  caution  needs  to  be  applied  when  using  the  model  for  predicting  performance. 

Keywords:  Chemical  oxygen  iodine  laser,  chemical  laser,  chemical  laser  diagnostics 

L  INTRODUCTION 

The  basic  concept  for  a  simple  method  of  describing  gain  saturation  and  power  extraction  in  COIL  devices  was 
developed  about  a  decade  ago  at  the  Phillips  Laboratory  and  is  documented  in  an  unpublished  report*.  The  same  approach  was 
developed  independently  in  1990  by  Copeland  et.  al.^  and  an  abbre\iated  description  of  the  model  was  presented  in  1993  More 
recently  Barmashenko  and  Rosenwaks  developed  simple  expressions  for  the  extraction  efficiency  from  COIL  devices  for  botli 
stable  and  unstable  resonators'*.  Finally  a  generalized  version  of  the  model  was  presented  in  1996  and  the  model  was  compared  to 
the  RotoCOIL  experimental  data  base^ 

The  initial  application  of  SSM  to  RotoCOIL  data  relied  on  OjC^A)  concentrations  inferred  from  a  three-dimensional 
Navier-Stokes  calculation^  Here  we  will  justify  using  the  inferred  OjC*  A)  concentration  for  the  RotoCOIL  modeling  by  directly 
measuring  02(^S)  in  the  RADICL  device^.  The  direct  measurements  are  made  using  a  diode  laser  to  probe  an  oxygen  absoiption 
line  [02(*S)’- 02(^2)]  at  760  nm®.  In  addition  to  02(^E)  concentrations,  the  absorption  line  width  also  contains  gas  temperatui*e 
information.  These  type  of  measurements  verify  the  usefulness  of  the  SSM  methcid  and  should  improve  all  COIL  modeling 
efrbrts. 


n.  EXPERIMENTAL 

The  oxygen  diagnostic  measures  the  R7Q8  band  of  the  O.C^S  )  -  02(^A)  absorption  near  760  nm.  This  diagnostic  was 
developed  by  Davis  et.  al.  and  its  operation  is  described  in  reference  8.  This  wavelength  region  was  selected  because  there  is  no 
absorption  by  other  gases  in  the  flow.  Since  the  absorption  by  is  very  weak  (absorption  cross  section  =  2.73  X  10'^^  cm- 
at  300  K) ,  better  results  are  obtained  by  using  a  mutipass  configuration.. 

Figure  1  shows  a  schematic  of  the  oxygen  diagnostic.  The  diode  laser  current  is  scanned  at  1  khz  and  the  beam  is 
carried  to  the  RADICL  laser  diagnostic  duct  by  a  single  mode  fiber  optic  cable.  A  Herriot  cell  (Ml  &  M2  in  Figure  1)  is 
positioned  around  the  laser  diagnostic  duct  AR  coated  windows  (Wl  &  W2  each  have  a  3  degree  wedge)  and  the  diode  laser 
beam  is  injected  with  a  fiber  collimator  (FC)  into  the  cell  thi*ough  a  slot  in  mirror  Ml .  Typically  16  passes  of  the  25  cm 
diagnostic  duct  are  used  before  the  diode  laser  beam  exits  a  slot  in  mirror  M2  and  impinges  onto  a  silicon  detector  (SD  in  Figure 
1).  The  voltage  from  the  silicon  detector  is  monitored  with  a  balanced  ratiometer  detector  (BRD)  circuit  along  with  the  reference 
beam  from  the  laser  diode.  The  output  from  the  BRD  is  processed  by  a  computer  where  the  absorption  scans  are  averaged  and 
stored.  A  typical  averaging  time  is  1  sec  (1000  scans).  The  diagnostic  is  calibrated  in  situ  by  metering  bottled  oxygen  through  a 
control  orifice  and  into  the  laser  at  the  beginning  of  each  test  day.  Typically  oxygen  pressures  of  0.5  to  10  torr  are  used  for 
calibration. 

The  gas  temperature  in  the  diagnostic  duct  is  measured  with  0.005”  and  0.010”  diameter  Type-T  thermocouple  coated 
with  Teflon.  Water  concentration  is  also  measured  with  an  absorption  diagnostic^,  and  the  residual  chlorine  is  measured  with  a 
He-Cd  laser  absorption  diagnostic^.  The  total  ox}'^gen  and  helium  pressures  in  the  diagnostic  duct  are  deduced  from  input  flowrate 
measurements  (measured  with  sonic  orifices),  total  pressure  measurements  (using  MKS  Model  122  1, 10,  &  100  torr  baratrons), 
and  the  above  water  and  residual  chlorine  measurements.  Ideal  gas  law  behavior  is  assumed.  The  02(*A)  yield  in  the  nozzle 
plenum  (Yplen)  is  calculated  from  the  total  ox}^gen  pressure  and  02(^E)  pressure  assuming  [02(*S)]  =  0. 
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ffl.  SIMPLIFIED  SATURATION  MODEL  (SSM)  FOR  COIL  LASERS 

The  SSM  for  COIL  lasers  is  intended  to  explain  the  experimentally  observed  saturation  cur\'e  shovm  in  Figure  2.  The 
key  to  interpreting  this  data  is  understanding  the  relationship  betw'een  the  power  available  (P^J,  the  zero  loss  power  (Pq),  and  the 
output  power,  P  (see  Figure  3).  In  order  to  accomplish  this  goal  mathematical  expressions  must  be  developed  for  Pa  ,  Po .  and  P. 
This  was  accomplished  in  reference  5  with  the  aid  of  the  following  assumptions: 

1)  The  dissociation  of  iodine  has  occurred  upstream  of  the  laser  cavity,  the  flow  is  premixed,  and  deactivation  in  the 
cavity  during  the  lasing  process  is  negligible. 

2)  The  concentration  of  OjC'S)  is  assumed  negligible  so  that  the  total  oxygen  concentration  is  given  by: 

total  =  [O^],  =  [O^C^A)]  +  [O^es)] 

3)  The  temperature,  gas  density  and  flow  velocity  are  assumed  constant.  It  is  common  practice  in  COIL  devices  to 
provide  area  relief  [i.e.  increase  the  flow  area,  (A^/Ao)  >  1 ,  where  the  cavity  cross  sectional  area  at  x  at  the  downstream  miiror 
edge  is  Ag  and  at  x  at  the  upstream  mirror  edge  is  A^].  Here  we  assume  {A^/\)  =  1 . 

4)  The  power  extraction  can  be  modeled  as  a  single  frequency  plane  wave.  This  is  justified  even  though  the  COIL  gain 
medium  is  inhomogeneously  broadened  because  there  are  many  modes  operating  (for  the  large  apertures  of  interest)  and  the  gain 
is  pulled  down,  to  threshold  over  the  entire  absorption  line. 

5)  The  gain  saturation  process  can  be  adequately  described  using  a  Fabry-Perot  resonator. 

The  resulting  expressions^  for  ,  ?□ ,  and  P  are  given  in  Equations  1  -3: 

Pa  =  e  x(02)  ~  (1) 

where  e  =  90956.0  Joules/  mole  I*-I  photons,  xCOj)  is  the  molar  flowate  of  oxygen,  U,i2  is  the  chlorine  utilization,  and  xCClj)  is 
the  molar  flowate  of  chlorine  into  the  oxygen  generator  The  yield  (Y  =  A)]/[02(Total)])  is  the  fraction  of  oxygen  that  is  in 

the  A)  excited  state  at  any  specified  location.  Yq  is  the  oxygen  yield  entering  the  cavity  and  is  defined  by 

Y  =  Y  -  Y 

•*•0  ^  plen  ^  diss 

where  Ypi^^  is  the  yield  just  upstream  of  iodine  injection,  and  represents  the  singlet  delta  oxygen  lost  in  dissociating  the 
iodine.  Y^,  is  in  turn  defined  as 


Ydiss  =  N  •  (I2  flowrate)/(02  flowrate) 

where  N  is  number  of  02(^A)’s  required  to  dissociate  one  I2  (energetically  must  be  at  least  2).  The  term  Y^j,  represents  the 
oxygen  yield  that  is  in  equilibrium  with  zero  gain  at  the  cavity  temperature  and  is  given  by 

Y^=  1/(1+ 2k,, (T)) 

where  =  0.74  e^°^  is  the  equilibrium  constant  for  the  I  atom/  02(^A)  energy  transfer  reaction. 

Po  =  e  x(0,)  (Yo  -  Y^)  (2) 


_ 2g'  +  P  Mq _ 

o  (1  .  2k^  [I],  +  2g-  (1  -  k^ 


where  o 


cross  section  in  cm^  (1 .3xlO‘*®xT‘^^^).  The  loaded  gain  g*  is 


g*  =  gx  +  ^ 


ln(l~6) 

g 


where  L^  =  gain  length,  ^  =  distributed  non-saturable  loss,  and  6  is  the  aperture  diffiraction  loss,  gj  is  the  threshold  gain  and  is 
defined  by: 
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(3) 


St 


-In  RjR2 

2L„ 


where  R,  =  outcoupler  reflectivity,  and  Rj  is  the  maximum  reflector. 


P  = 


^  e  x(0,)  n  (Yq  - 


2Lgg- 


where: 


fi  .  (1  -  Ri  -  Si)  (1  -  5)  In  [R,R,  (1  -  6)' 
IJr;  +  p  -  6)  R,]  [p.R,  (1  -  6)  -l] 


and  Si  =  mirror  scattering  loss.  The  medium  extraction  efficiency  is  defmed  as: 

„  _  P.  „  N  -  Y..) 

Pa  Po  -  Y„) 

or  in  terms  of  small  signal  gain: 

^  (gp  ~  St) 

(go-'^gi) 

where  go  and  (J)  are  given  by 

g  ^[4(2Yol<e,  -  1  ^  Yq) 

“  2(1 


.  -  K  -  1)  N  -  Yih) 

1  "  Y„  k,,  -  Y^ 

The  optical  resonator  efficiency  is  defmed  as: 

=  Z  =  ^  (gp  ~  g1(go  ~  ^gr) 

Po  2L  g- (g^  -  -  (j)g-) 


(4a) 

(4b) 


(5) 


With  the  medium  and  optical  extraction  efficiencies  defined  by  Equations  4  and  5,  the  output  power  may  be  expressed  as: 

P  =  PAflniedflopt  =  PAflext  (6) 

Note  that  this  expression  is  exactly  what  is  referred  to  in  Reference  6  as  the  heuristic  power  equation  for  a  premixed  flow  (i.e.  r)^ 
=  1 ),  assumption  1 .  The  final  equation  for  output  power  is: 


P  =  PAflmedfloptfln,^ 

91  X(cy  (Yp,^  -  y^i33  -  Y^) 


(7) 


where  Tj^  has  been  added  as  a  multiplicative  correction  to  the  power  available  to  account  for  ox^^gen  that  is  not  accessed  by 
iodine  in  the  cavity,  and  Tjgeo  is  a  factor  that  accounts  for  the  fact  that  not  all  of  the  flow  is  interogated  by  the  resonator.  Departures 
^medy  ttopr.  ^ud  r|inix ,  valucs  of  Unity  represent  losses  which  are  characterized  as  medium,  resonator,  and  mixing  losses.  The 
medium  and  optical  losses  are  shown  schematically  in  Figure  3  where  the  zero  loss  power  and  output  power  are  plotted  versus 
transmission.  The  medium  loss  is  a  consequence  of  extracting  the  power  at  a  non  zero  value  of  threshold  gain  which  is  a  result  of 
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the  optical  losses  forcing  the  maximum  power  to  occur  at  a  finite  value  of  transmission.  As  discussed  in  References  5  and  6, 
COIL  laser  data  for  RotoCOIL  and  RADICL  under  consideration  here  are  assumed  to  have  near  unity. 

We  refer  to  the  expressions  1  through  7  as  the  COIL  Simplified  Saturation  Model  (SSM).  As  indicated,  the  cavity  flow 
conditions  (temperature,  velocity  and  density)  were  assumed  constant  to  obtain  these  results  [Assumption  3].  If  this  assumption 
fails  it  is  a  straightforward  matter  to  relax  the  constant  density  assumption  and  still  obtain  analytical  results  for  the  power 
extraction  process  (Reference  5,  Appendix  A).  The  generalized  version  contains  (A^/Ao)  the  ratio  of  the  cross-sectional  areas 
(Ae  at  X  =  the  down  stream  resonator  edge  and  A^  at  x  =  0,  the  upstream  resonator  edge)  as  a  parameter  and  degenerates  to 
Equations  1  -3  for  unity  values  of  the  area  ratio. 

A  study  of  the  details  of  the  SSM  reveals  the  following.  First,  the  yield  is  not  driven  to  the  threshold  value  (Y^^)  during 
gain  saturation,  but  instead  approaches  its  own  saturation  value  {Y^,  thus  the  accessible  02(^A)  energy  is  the  difference  between 
and  Y^^^.  Second,  the  energy  difference  between  and  cannot  be  accessed  in  the  presence  of  diffraction,  mirror 
scattering,  or  medium  losses  because  the  losses  prevent  reduction  of  the  out  coupling  fraction.  This  behavior  is  illustrated  in 
Figure  4. 

IV,  RESULTS  AND  DISCUSSIONS 

In  this  section,  we  compare  the  simplified  saturation  model  with  experimental  power  data  for  the  RotoCOIL  laser 
device^^  and  more  recent  data  taken  with  the  Phillips  Laboratory  RADICL  device^.  Table  1  lists  the  inputs  conditions  and  results 
from  the  simplified  saturation  model  for  the  RotoCOIL  and  RADICL  devices.  The  RotoCOIL  data  is  taken  from  reference  5. 


Table  1 .  Measurement  and  Calculation  Summary. 


Parameter 

source* 

RotoCOIL 

RADICL 

YpLEN  ■  Plenum  Yield 

M 

0.34  (wang) 

.6  (02(^E)  probe) 

Ydiss  "  Iodine  Dissociation  Loss  (N=5) 

c 

0.075 

0.10 

Tcav  "  Cavity  Temperature 

c 

167  K 

170  (assumed) 

kgQ  - 1  -  02(^A)  Equilibrium  Constant 

c 

8.2 

7.8 

Yth  -  Threshold  Yield 

c 

0.058 

0.060 

Rj  -  Outcoupler  Reflectivity 

M 

0.91 

0.90 

Rj  -  Max  R  Reflectivity 

vendor 

0.995 

0.999 

small  signal  gain  go 

M 

.0068 

.012 

L^  -  Gain  Length 

M 

54  cm 

25  cm 

gj  -  Thi‘eshold  Gain 

c 

0.0009 

0.0021 

^  -  Distributed  non-saturable  loss  (ref  5) 

E 

0 

0 

6  -  Aperture  diffraction  loss 

M 

.015 

0.011 

g*  “  Loaded  Gain 

c  ! 

0.0009 

0.0023 

[I]o  -- 1  atom  concentration 

c 

l.lXlO'Vcm’ 

2X10‘W 

Ysat  “  Saturation  Yield 

c 

0.072 

0.082 

Si  -  Mirror  Scattering  Loss 

M 

0.0025 

0.0025 

-  Medium  Extraction  Efficiency 

c 

0.88 

0.91 

“  Optical  Extraction  Efficiency 

c 

0.81 

0.87 

x(  u. )  -  Chlorine  Input  Molar  Flowrate 

M 

1 .56  mole/s 

0.53  mole/s 

U.t  -  Chlorine  Utilization 

M 

0.89 

0.86 

-  Mixing  Extraction  Efficiency 

C 

0.95 

0.9 

geometric  interrogation  efficiency 

M 

1 

1 

power  calculated  using  SSM  and  measured  yield 

C 

17.3  kW 

12.6  kW 

Kvpenmentflily  Measured  Power 

_ M _ 

3t.5kW 

10.7  kW 

*  M=measurement,  C  =  calculation,  E  =  estimate 
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For  the  RotoCOIL  case,  perusal  of  Table  1  clearly  shows  that  the  measured  power  is  inconsistent  with  the  power 
predicted  by  the  SSM  using  the  measured  plenum  yield  of  0.34.  Application  of  3-Dimensional  computational  fluid  dynamics 
modeling  (MINT)  to  the  RotoCOIL  case  indicates  the  required  plenum  yield  for  self  consistency  is  Y  =  0.50.  The  result  of  using 
the  MINT  yield  value  of  0.50  in  the  SSM  is  shown  in  Figure  5,  along  with  RotoCOIL  measured  powers.  The  result  for  the 
constant  density  assumption  (Assumption  3,  A^/\  =  1 .0)  is  seen  to  over-predict  the  data  somewLat,  Since  the  miiror  length  for 
the  RotoCOIL  device  is  relatively  large  (eight  centimeters),  the  gas  density  changes  by  about  thirty  percent  over  the  cavity  length 
and  the  generalized  version  of  SSM  is  required  for  the  RotoCOIL  case  under  consideration  here  (curvn  Ag/A^  ~  1 .3  in  Figure  5). 
This  result  is  seen  to  impro\n  the  agreement  with  the  experimental  results  (34  kW  compared  to  3 1.5  kW). 

For  the  RotoCOIL  case,  perusal  of  Table  1  clearly  shows  that  the  measured  power  is  inconsistent  with  the  potver 
predicted  by  the  SSM  using  the  measured  plenum  yield  of  0.34.  Application  of  3-Dimensional  computational  fluid  dynamics 
modeling  (MINT)  to  the  RotoCOIL  case  indicates  the  required  plenum  yield  for  self  consistency  is  Y  =  0.50.  The  result  of  using 
the  MINT  yield  value 

V,  CONCLUSION 

The  COIL  simplified  saturation  model  (SSM)  provides  a  set  of  simple  expressions  for  the  exiraction  efficiencies  for  the  constant 
gas  density  assumption  and  somewhat  more  complicated  (and  more  accurate)  expressions  for  a  variable  gas  density  case.  The 
successful  comparison  of  the  model  with  a  recently  developed  method  for  ‘‘measuring'’  singlet  delta  yield  has  important 
implications  for  COIL  yield  data.  Although  a  great  deal  of  effort  and  care  has  been  devoted  to  measuring  singlet  delta  yield  in 
COIL  devices  using  the  1 .27  micron  02(^  A)  -  02(^11)  emission*^'^^  the  correlation  to  measured  power  through  various  modeling 
efforts  has  been  less  than  satisfactory^^'-^*^’^=’^  This  casts  doubt  on  using  yields  obtained  with  this  experimental  method  to  anchor 
COIL  models.  A  great  deal  of  care  needs  to  be  exercised  when  selecting  COIL  yield  data  to  anchor  models.  This  study,  the  SSM 
study  of  reference  5,  along  with  the  3-D  Navier-Stokes  COIL  mixing  study  of  reference  16  shows  that  good  singlet  delta  yield 
data  and  good  I2/O2  mixing  models  are  required  before  the  chemical  kinetics  of  L  dissociation  and  0.(*A)  - 1  atom  energy  transfer 
can  be  thoroughly  unraveled  for  COIL  lasers. 


Fig.  1  Schematic  for  [03(^2)]  concentration  measurements. 
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Fig.  2  RotoCOIL  Isat  Data 


Fig.  3  Schematic  Representation  of  medium  and  optical  losses 
for  power  versus  out  coupling  fraction 
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Fig.  4  Schematic  Representation  of  Gain  and  Yield  Saturation  ^  Comparison  of  COIL  simplified  saturation  model  wiili 

.  RotoCOIL  power  saturation  data 
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Analysis  of  lasing  in  COILs  with  wide  aperture  of  the  mirrors  in  the  resonator 
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Department  of  Physics,  Ben~Gurion  University  of  the  Negev,  Beer-Sheva  84105,  Israel 


ABSTRACT 

Optical  extraction  efficiency  of  the  COIL  is  calculated  for  (transverse)  multimode  oscillation.  The  effects  of  hyperfine 
and  velocity  cross-relaxation  and  changes  of  the  gain  and  intraresonator  intensity  in  the  flow  direction  are  taken  into 
account. 

Keywords:  optical  extraction  efficiency,  chemical  oxygen-iodine  lasers,  stable  optical  resonator. 

L  INTRODUCTION 

In  order  to  extract  most  of  the  energy  stored  by  02(^A)  in  the  supersonic  chemical  oxygen  iodine  laser  ICOIL)  the 
dimension  of  the  aperture  of  the  mirrors  in  the  resonator  in  the  flow  direction  Ij^s  should  be  3  -  10  cm.^>  -  dng  in 
resonators  with  wide  aperture  has  some  specific  features.  In  the  case  of  stable  or  Fabry -Perot  resonators  man’  >verse 

modes  oscillate.  As  a  result  the  power  and  spatial  distribution  of  the  output  radiation  differ  from  those  for  s^  mode 
oscillation.  These  issues  are  analyzed  theoretically  in  the  present  paper. 

2.  CW  MULTIMODE  LASING  IN  THE  CASE  OF  STABLE  OR  FABRY-PEROT  RESONATORS 

Differsnt  transverse  modes  have  different  frequencies  and  spatial  distributions  in  the  flow  direction.  As  a  result  both  the 
lasing  power  and  spatial  distribution  of  the  output  radiation  strongly  depends  on  the  mode  structure  of  the  resonator.  The 
influence  of  the  mode  frequency  spectrum  and  nonuniform  spatial  distribution  of  the  radiation  along  the  flow  on  the 
power  is  analysed  in  the  following  sections. 

2.1.  Influence  of  the  mode  frequency  spectrum  on  the  optical  extraction  efficiency 

Consider  the  mode  frequency  spectrum  at  a  fixed  position  inside  the  resonator  taking  into  account  the  processes  of 
hyperfine  and  velocity  cross-relaxation.  Here  we  do  not  take  into  account  the  changes  of  the  intraresonator  intensity 
and  gain  along  the  flow.  Assume  that  the  Lorentzian  linewidth  Avl  is  much  less  than  the  Doppler  linewidth  Avd 
which  is  always  the  case  for  the  COIL^ .  The  output  power  P  of  a  laser  can  conveniently  be  presented  as  ^ 

P  =  Pavnext,  (1) 

where  r|ext  is  the  extraction  efficiency;  Pav  is  the  maximum  available  power  expressed  by  the  Doppler  saturation 
parameter  Igo,  the  small  signal  gain  go,  the  gain  length  L  and  the  beam  cross  section  S  as 

Pav  =  IsDgoLS.  (2) 

It  is  convenient  to  represent  rjext  as  a  product  of  the  extraction  efficiency  of  the  resonator,  rjr,  and  the  extraction 
efficiency  for  extracting  power  from  the  gain  medium,  rjni:  pext  =  Hr  Hni, where 

r)j.  =  t  ==  gth  -  a 

t  +  a  gth^L  ^  (3) 

t  and  a  are  the  transmission  and  loss  of  the  mirrors,  respectively;  g^h  =  (t  +  a)/2L  is  the  threshold  gain  of  the 
resonator.  Tlie  most  important  parameter  X]^  depends  on  the  mode  frequency  spectrum  and  the  rates  of  hyperfine  and 
velocity  cross-relaxation.  In  the  case  of  single  mode  lasing  rijn  can  be  found  using  results  obtained  in 
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r|j^  =  1+ - 1 - 

2f{go/gth)  (go/gth)^ 


J _ + 

f  (go/gth)  4  f  (go/gth)^ 


1/2 


(4) 


where  f  =  IsL^ISD  is  the  cross  relaxation  factor  ^  and  IsL  is  the  the  Doppler  saturation  parameter  (the  values  of  IsL 
and  IsD  presented  in  ^).  If  the  rates  of  hyperfine  and  velocity  cross-relaxation  are  very  large  f— ►o®  and  r\xn  riches 
its  maximum  value  given  by  the  Rigrod  model  T]rn,  Rig  =  i  "  gth/gO* 


Consider  multimode  lasing  assuming  that  the  following  condition  for  the  distance  between  the  modes  AVm  holds:  Avl< 
AVm  «AV£).  The  latter  inequality  means  that  many  modes  are  oscillating,  whereas  the  former  means  that  the  modes  are 
well  separated.  In  this  case,  performing  analysis  similar  to  that  described  in  ^  we  find  that  r|m  is  given  by 

rim  =  [1  -  exp(x^)(gth/go)],  (5) 


where  x  =  2(ln2)^^2  Av/Avd  and  Av  is  the  half  width  of  the  lasing  spectrum.  The  value  of  x  is  found  from  the  algebraic 
equation: 


[&ed(V2x)e^^+l  je^^  -  ^  ^  ^ 

V^72  gth, 

£  z=  f 1 

AVm  Vin2 .  (6) 

Fig.  1  shows  dependencies  of  qni  x  on  the  parameter  e  which  is  inversely  proportional  to  the  distance  AVm  between 
the  modes.  As  the  number  of  modes  increases  and  the  distance  AVni  between  them  decreases,  the  dimensionless  half 
width  X  of  the  lasing  spectrum  also  decreases  resulting  in  increase  of  the  efficiency  rjm. 

For  very  large  number  of  modes,  when  AVni<  Avl,  the  above  analysis  is  incorrect.  In  this  case  qm  is  still  given  by  Eq. 
(5),  but  X  is  found  from  the  algebraic  equation  presented  in  Refs.  4  and  5,  both  q^n  ^  being  independent  of  AVm.  In 
this  case  qm  is  the  maximum  extraction  efficiency  and  x  is  the  minimum  width  of  the  lasing  spectrum  that  can  be 
achieved  by  decreasing  the  distance  AVm  between  the  modes. 

Eqs.  (4)  -  (6)  can  be  used  to  estimate  the  extraction  efficiencies  of  different  COILs.  The  effects  of  the  hyperfine  and 
velocity  cross-relaxation  are  especially  important  for  supersonic  COILs  operating  without  primary  diluent  and  tested  in 
our  laboratory.  For  these  lasers  the  pressure  in  the  resonator  is  1  Torr,  He/Cl2  =0.5  (only  secondary  He  is  used),  and  the 
temperature  T  =  250  K.  In  this  case  the  parameter  f  is  small  and  equal  to  0.18.  Hence,  in  the  case  of  single  mode  lasing 
qjn  found  from  Eq.  (4)  is  also  small  and  equal  to  0.35  for  gq/gth  =  5  (the  maximum  possible  efficiency  q^,  Rig  =  0.8  is 
much  greater  than  q^).  In  the  case  of  multimode  lasing  q^  increases,  e.g.,  for  Avn/AVni  =  4  (5  modes  inside  the 
Doppler  profile)  q^  =  0.53.  Further  decrease  of  Av^  makes  it  possible  to  obtain  the  maximum  possible  efficiency  and 
minimum  width  of  the  spectrum:  for  AvjyAVm  =  8,  q^  =  0.7  and  x  =  0.61.  For  the  COILs  developed  at  the  Phillips 
laboratory^  the  pressure  is  about  7  Torr  and  He/Cl2  =4.  In  this  case  f  =  3.2  and  even  in  the  case  of  single  mode  lasing 
r|  =  0.7  is  close  to  qm,  Rig  =  (gO^gth  =  5).  Hence  the  influence  of  hyperfine  and  velocity  cross-relaxation  is  small 
and  increase  in  the  number  of  modes  does  not  affect  q^i- 

2.2*  Influence  of  variation  of  the  intraresonator  intensity  and  gain  in  the  flow  direction  on  the 
optical  extraction  efficiency 

In  the  COIL  both  the  gain  and  intraresonator  intensity  I  change  in  the  flow  direction.  In  what  follows  we  consider  the 
influence  of  these  changes  on  the  optical  extraction  efficiency  of  stable  resonators.  As  shown  above  in  the  case  of 
multimode  lasing  the  spectrum  is  narrow,  hence  we  assume  that  the  gain  for  any  mode  is  close  to  that  in  the  center  of  the 
line.  Besides,  we  do  not  take  into  account  the  effects  of  hyperfine  and  velocity  cross-relaxation  assuming  that  the 
saturation  of  the  local  gain  is  homogeneous. 
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The  rate  of  change  of  the  02(^A)  yield  Y  =  [02(^A)]/[02l  with  distance  x  is  equal  to  the  stimulated  emission  rate, 


Ut!V  =  --I_(X) 

dx  [O2]  hv  ,  (7) 


where  U  is  the  flow  velocity, 


g  =  oPJo  (2Ke+  1)Y-1  _ 1  _ 

2  (Ke  -  1)Y  +  1  1  +  1/IsD 


(8) 


is  the  gain, 


ISD«hv^^[(Ke-l)Y+  1] 

3  aKe  ,  (9) 

0  =  (7/12)034,  034  =  1.29  X  10"^^  (300/T)^^^  cm^  being  the  stimulated  emission  cross  section  for  the  I(^Pi/2,  F  =  3) 
-►  I(^P3/2»  F  =  4)  transition,  [IJo  =  [!*]+[!],  kf  is  the  forward  rate  constant  of  the  reaction  02(^A)  +  I(^P3/9)  ^ 
02(^2^)  +  I(^Pi/2)  =  0.75exp(402/T)  is  the  equilibrium  constant  of  this  reaction. 

Assuming  that  number  n  of  transverse  modes  participate  in  lasing, 

Ji(x)  =  y  li  fi(x) 

i=l  ,  (10) 

00 

where  fi(x)  is  a  known  function  vanishing  as  x— ^  and  fi(t)dt  =  1,  i  =  The  mode  intensities  l[  can  be 

found  from  the  conditions 


g  fi(x)dx 

J  _oo 


{ 


=  gth.  li  >  0 
^  gth.  li  =  0 


(11) 


Consider  the  so  called  case  of  fast  02(^A)  energy  extraction^  when  the  residence  time  of  the  gas  in  the  resonator,  tg  = 
Ij-es^Uj  is  much  greater  than  the  02(^A)  extraction  time,  tg  =  l/(kf[I]o).  Only  in  this  case  the  extraction  efficiency  is 
high.  The  spatially  averaged  intensity  I  in  this  case  is  much  less  than  ISD  defined  by  Eq.  (9).  If  we  assume  that  I(x) 
does  not  have  peaks  then  I(x)  «  IsD  fkis  case  the  the  total  intensity  I  =  Zili  and  hence  the  lasing  power 

can  be  found  analytically  from  the  system  of  Eqs.  (7)  -  (9)  and  (11).  For  any  set  of  modes  participating  in  lasing  the 
power  is  given  by  Eq.  (1),  where  Pay  =  hv  [O2]  S  U  [Y]  -  l/(2Ke  +1)],  whereas  rjm  is  a  solution  of  the  algebraic 
equation 


Hm  "  nm,F-P)  ^*1(1  "  Hm) ^ 


(12) 


where 


>lm,F-P 


Yi - 1 - 

(1  -  /[l  -  Ith  2Ke  +  1  -1 

go  ^  go  Yi  +  1  ^ 

Ke  -  1 


(13) 


is  the  extraction  efficiency  for  a  COIL  with  a  Fabry-Perot  resonator  in  the  case  of  fast  02(^A)  energy  extraction,  Y;  is 
the  initial  value  of  Y  before  the  resonator.  Fig.  2  shows  the  dependencies  of  q^,  qrn,F-Pj  Hm,  Rig  Eth^HO-  is 


seen  that  r\^  >  r|m,F-P  Rig  Sth^gO-  These  inequalities  can  be  obtained  analytically  from  Eqs.  (12)  and  (13). 

The  intensities  Ij  of  different  modes  were  calculated  in  the  simplest  case  of  plane  mirrors  when  fi(x)  =  sin^(i7Tx/21j-es)/lres- 
Calculations  show  that  only  high  order  transverse  modes  participate  in  lasing.  The  maximum  number  of  oscillating 
modes  depends  on  diffraction  losses.  In  particular,  if  the  diffraction  losses  6cJif(i)  =  lO’^gth^^L  and  gth^go 
modes  with  i  =  3,  4  and  5  oscillate  (I3/I4A5  =  0.34/0.007/1).  Although  the  diffraction  losses  strongly  affect  the  energy 
distribution  between  the  modes,  the  total  power  is  almost  independent  of  the  losses.  Also  in  the  case  of  stable  resonators 
with  spherical  mirrors,  only  the  high  order  Hermittean  modes  totally  filling  the  resonator  cross  section  oscillate.  As  a 
result  I(x)  near  the  resonator  edges  is  higher  than  in  the  center  which  is  in  line  with  experimental  observations.  In  this 
case  the  above  approximation  I(x)  «  IsD  is  not  always  correct;  numerical  estimates  show  that  still  can  be  calculated 
using  Eq.  (12)  (in  fact  is  a  little  lower  than  that  given  by  Eq.  (12)). 

3-  CONCLUSIONS 

The  above  analysis  suggests  formulas  for  calculating  the  optical  extraction  efficiency  qj^  in  COILs  with  stable  resonators 
in  the  case  of  multimode  lasing.  Eqs.  (4)  -  (6),  taking  into  account  the  effects  of  the  hyperfme  and  velocity  cross¬ 
relaxation,  should  be  used  in  the  case  of  slow  02(^A)  energy  extraction  or  for  calculating  the  power  at  a  fixed  position 
inside  a  Fabry-Perot  resonator.  In  the  case  of  fast  02(^A)  energy  extraction  Eq.  (13)  should  be  used  to  calculate  q^.  In 
the  latter  case  the  efficiency  of  stable  resonator  is  higher  than  that  of  a  Fabry-Perot  resonator.  It  is  shown  that  only  high 
order  transverse  modes  participate  in  the  lasing. 
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ABSTRACT 

A  small  rotating  disk  generator,  particularly  suited  for  closed  cycle  operation  has  been  built  and  operated  successfully.  The 
generator  has  no  external  drive  for  the  disks,  but  is  rather  driven  by  the  momentum  of  the  injected  basic  hydrogen  peroxide.  The 
rotation  rate  and  the  submergence  of  the  disks  in  the  hquid  pool  can  be  adjusted  independently  by  the  liquid  flow  rate,  the  size  of 
the  injection  nozzle,  the  height  of  the  outlet  for  the  liquid,  and  also  by  the  amount  of  injected  gas.  The  closed  cycle  comprises  a 
liquid  reservoir  for  the  cooling  of  the  hquid  and  for  the  sedimentation  of  crystalized  salt,  and  a  gear  pump  for  circulation  of  the 
hquid.  First  results  for  utilization  and  yield  have  been  gained  as  a  funtion  of  total  pressure,  rotation  rate,  and  gas  flow  rate  and 
composition.  The  performance  of  the  generator  shows  a  remarkable  improvement  over  a  sparger  type  generator  for  equal  flow 
rates. 

Keywords:  Chemical  oxygen-iodine  laser,  singlet  oxygen  generators,  rotating  disk  generator 

1.  INTRODUCTION 

Rotating  disk  type  generators  for  chemical  reactors,  in  which  a  gaseous  species  is  to  react  with  a  hquid  on  the  surface  of  the 
disks,  are  known  at  least  since  the  thirties  of  this  centuiy^  Their  use  for  the  generation  of  singlet  oxygen  by  the  reaction  of  chlorine 
gas  with  basic  hydrogen  peroxide  (BHP)  has  first  been  mentioned  in  pubhc  in  a  study  of  the  American  Physical  Society^  and 
elaborated  by  Harpole  et  aP.  Disk  type  generators  have  been  used  successfuUy  and  extensively  at  Phillips  Laboratory  ittland, 
USA'*’^  and  also  at  DLR,  Lampoldshausen,  Germany^’^.  The  idea  of  the  rotating  disk  generator  is  to  provide  a  coi  n  uously 
replenished  hquid  surface  and  expose  it  to  an  also  continuously  flowing  gas.  A  series  or  stack  of  disks  is  partially  subtn  jed  into 
the  BHP.  As  the  disks  rotate  the  surfaces  that  emerge  fi-om  the  liquid  are  covered  with  a  thin  layer  of  the  BHP  which  r  tii  with 
the  chlorine  gas  After  the  reaction  the  surface  dives  again  into  the  hquid  pool  and  it  is  assumed  that  the  used-up  and  Wi-ttii  hquid 
dissolves  from  the  surface  in  the  bath  and  fresh  BHP  attaches  to  the  surface.  The  short  residence  time  of  the  oxygen  in  the 
generator  enables  the  production  of  singlet  oxygen  at  high  partial  pressures  (>1  kPa)  and  high  efficiency  and  therefore  makes 
rotating  disk  generators  particularly  suitable  for  supersonic  chemical  oxygen  iodine  lasers. 

In  conventional  rotating  disk  generators  the  shaft  of  the  disk  pack  is  led  through  the  generator  housing  and  connected  to  an 
electric  motor,  which  turns  the  disk  pack  with  a  rate  of  up  60  rpm  (1  Hz).  The  seahng  of  the  feed-through  for  the  shaft  from 
atmospheric  pressure  to  the  low-pressure  generator  interior  requires  careful  maintenance.  If  the  residence  time  of  the  BHP  in  the 
generator  is  long  an  active  cooling  of  the  BHP  inside  the  generator  is  highly  indicated  to  prevent  excessive  evaporation  of  water 
(which  is  detrimental  to  the  laser  kinetics)  and  also  a  dangerous  run-away  effect  of  spontaneously  decomposing  peroxide. 

2.  EXPERIMENTAL  APPARATUS 


2.1  Generator 

A  new  type  of  rotating  disk  generator  (called  "Autodisk”)  has  been  designed,  built,  and  tested  with  the  special  emphasis  on 
simphcity  and  suitability  for  long-time  continuous  operation.  Continuous  operation  requires  the  flowing  of  the  BHP  through  the 
generator.  In  the  Autodisk-concept  the  momentum  of  the  flowing  liquid  is  used  for  keeping  the  disk  pack  in  continuous  rotation. 
The  experimental  device  (Fig.  1)  has  been  designed  for  a  small  total  gas  flowrate  of  up  to  10  mmol/s  chorine  +  buffer  gas  (He,  Ar 
or  N2).  The  housing  is  made  fi-om  lucite  and  has  only  inlets  and  outlets  for  the  liquid  and  the  gas  (and  some  diagnostic  devices),  but 
no  feed-through  for  a  wheel  drive.  The  wheel  consists  of  a  stack  of  10  nickel  disks  on  a  shaft  with  3  mm  spacing,  each  disk  being 
1  mm  thick  (AfV  ^  3  cm’^).  The  disks  have  a  diameter  of  80  mm.  Twelve  blades  around  the  circumference  of  the  same  sheet 
material  are  sticking  through  die  disk  pack  radially  in  the  outer  half  of  the  disk  radius.  These  blades  serve  several  purposes:  Beside 
holding  the  disk  pack  together  they  transfer  the  momentum  of  the  liquid  onto  the  wheel  and  bring  it  into  motion.  In  addition,  the 
reactive  gas  (chlorine  and  some  buffer  gas),  flowing  in  fiom  the  top  of  the  housing,  is  forced  to  penetrate  into  the  narrow  inner 
space  between  the  disks.  The  high  flow  drag  there  may  otherwise  prevent  a  large  part  of  the  gas  fiom  reaching  this  space.  The  disk 
pack  wheel  is  suspended  on  a  simple  shde  bearing  in  the  housing  walls  and  can  be  easily  removed  fiom  the  top. 
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Fig.  1.  Auto  Disk  generator 


Salt  Settling  Chamber 


Gear  Pump 


Fig.  2.  BHP  flow  loop  for  closed  cycle  operation 


The  BHP  enters  the  housing  interior  18  mm  above  and  parallel  to  the  floor  via  two  injection  nozzles  at  the  small  side  of  the 
housing.  On  the  opposite  side  the  lower  part  of  the  wall  is  replaced  by  a  plate  with  adjustable  height.  It  forms  a  spill  and  allows  the 
variation  of  the  liquid  level  independent  of  the  hquid  flow  rate  (rotation  rate).  Behind  the  spill  the  BHP  flows  down  vertically  into 
a  tank.  The  introduced  unreacted  gas  is  equally  distributed  across  the  housing  depth  by  a  multitude  of  inlet  orifices.  A  bending  of 
the  wheel  blades  or  an  angle  to  the  gas  flow  can  give  rise  to  an  aerodynamical  force  on  the  plate  which  acts  or  counteracts  the 
turning  direction  imposed  by  the  liquid  flow.  The  reacted  gas  leaves  the  housing  on  the  other  side  vertically  up  through  the  top 
cover.  The  flow  direction  of  the  gas  relative  to  the  rotation  direction  of  the  disks  can  be  selected  by  a  turning  of  the  cover  by  180°. 

2.2  Closed  BHP  circuit 

Fig.  2  shows  the  principle  arrangement  of  the  flow  loop.  The  collection  tank  immediately  below  the  generator  is  equipped  with 
a  cooling  coil  for  removing  tibe  heat  of  reaction  from  the  BHP.  The  volume  of  the  tank  is  filled  with  Raschig  rings  to  slow  down  the 
flow  and  allow  the  settling  of  ciystalized  salt,  which  eventually  accumulates  at  the  bottom.  To  prevent  entrainment  of  large 
amounts  of  salt  into  the  pump,  the  BHP  flows  over  a  spill  to  remove  only  the  toplayers  of  the  hquid  volume.  The  gear  pump  for 
circulation  requires  a  minimum  pressure  head  for  proper  operation  and  is  therefore  installed  1  m  below  the  collecting  tank.  The 
outlet  of  the  pump  is  directly  connected  to  the  hquid  i^et  of  the  generator.  The  rotation  speed  of  the  pump  and  thus  the  flow  rate 
of  the  hquid  can  be  controlled.  The  rotation  rate  of  the  disks  is  monitored  by  a  hght  barrier.  The  lowest  rotation  rate  of  the  nickel 
disks  is  about  1/3  Hz.  A  lower  flow  speed  cannot  overcome  the  inertia  of  the  relatively  heavy  disk  pack  and  leads  to  a  jerky  motion 
of  the  wheel.  The  upper  limit  of  the  apphcable  rotation  rate  is  set  by  a  trapping  of  the  hquid  between  the  wheel  blades  at  rotation 
rates  of  3  to  4  Hz.  The  standard  hquid  content  of  the  whole  system  is  2.2 1  BHP. 

23  Diagnostic  equipment 

The  21  mm  inner  diameter  glass  tube  for  conducting  the  oxygen  extends  15  cm  in  vertical  direction  above  the  generator  outlet 
before  it  is  bend  into  horizontal  direction.  A  V-shaped  hquid  separator  is  attached  in  case  hquid  is  carried  downstream.  A  cold  trap 
may  be  added,  but  has  not  been  used  with  this  generator.  One  meter  downstream  of  the  bend  is  the  02(^  A)  detection  tube,  which 
can  be  cahbrated  by  a  blackbody  source.  Also  connected  to  the  glass  tube  is  a  mass  spectrometer  for  measuring  the  water  vapour 
content  of  the  flow.  Finally,  there  is  an  absorption  cell  directly  after  the  singlet  delta  detection  tube  for  measuring  the  residual 
chlorine  in  aborption  at  a  wavelength  of  330  nm.  The  gas  flow  rates  of  chlorine  and  the  buffer  gas  are  measured  with  conventional 
flow  meters  before  mixing.  Pressure  and  temperature  can  be  measured  inside  the  generator  and  at  two  locations  along  the  flow 
tube.  The  temperature  in  the  collection  tank  is  continuously  surveyed  and  is  usually  kept  steady  at  -15°C.  The  degree  of  reaction 
can  be  monitored  by  a  pH-electrode  inserted  into  the  collection  tank. 
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3.  EXPERIMENTAL  RESULTS 


First  experiments  were  carried  out  with  water  only  in  order  to  characterize  the  hquid  level  as  a  function  of  liquid  flow  rate, 
rotation  rate  and  the  height  of  the  spill.  The  main  goal  of  the  investigations  is  to  prove  the  feasibility  of  the  concept  and  to  find  out 
the  laser  relevant  performance  data,  Le.  the  chlorine  utilization  (U  — [  Oj  ]/[Cl2  ])  and  the  yield  of  singlet  oxygen  (Y  =[  02(^  A)]/[02]) 
as  a  function  of  gas  flow  rate  and  gas  composition,  BHP  composition,  rotation  rate  and  the  coverage  of  the  disks  with  BHP.  Tlie 
gas  flow  rate  defines  the  generator  pressure,  but  can  also  modify  the  rotation  rate.  The  generator  pressure  can  also  be  adjusted  by 
throttling  the  volume  flow  rate  of  the  vacuum  pump.  Utilization  and  yield  are  a  measure  for  the  efficiency  of  the  generator  and  can 
directly  be  compared  to  similar  investigations  with  a  sparger  type  generator  for  the  same  parameter  range®.  Other  important  aspects 
of  the  investigation  are  the  long  term  behaviour  of  the  closed  cycle,  including  questions  of  temperature  and  chemical  stability  of 
the  BHP.  Typical  run  times  are  10  to  30  minutes  before  the  BHP  is  largely  degraded.  Problems  to  be  solved  are  the  extension  of 
these  run  times  by  continuous  replenishment  of  the  BHP  through  the  adding  of  KOH,  and  the  management  of  the  salt  production. 
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Fig.  3.  Utilization  and  yield  vs.  generator  pressure  for  two 
different  gas  flow  rates  but  equal  composition. 


Fig.  4.  Partial  pressure  of  OjC^A)  vs.  total  pressure  for 
three  mixture  ratios  with  helium. 


Test  runs  have  been  made  with  helium  and  with  argon  as  the  buffer  gas.  Fig.  3.  shows  utilization  U  and  yield  Y  as  a  function 
of  the  total  pressure  for  two  gas  flow  rates:  CI2  +  He  =  1.0  +  5.0  mmoL/s  and  3.0  +  15.0  mmol/s,  thus  keeping  the  mixtunr  ratio 
constant  The  BHP  composition  is  7.4  mol/1  KOH  with  0.6  mol/1  H2O2  in  excess.  The  rotation  rate  of  the  disks  was  kept  steady  at 
1  Hz.  The  difference  for  U  and  Y  for  the  two  flow  rates  is  remarkable.  The  utilization  decreases  linearly  with  pressure  for  th-^  !tigh 
flow  rate  only,  in  contrast  to  the  nearly  independent  behaviour  at  the  low  gas  flow  rate.  Because  for  the  high  flow  rate  ii/e  njas 
velocity  in  the  generator  is  3  times  higher  at  the  same  total  pressure,  it  is  assumed  that  the  supply  of  02H‘  ions  to  the  reactive  fiHP 
surface  layer  is  too  slow  and  we  are  thus  operating  in  a  diffusion  controled  mode.  On  the  other  hand  the  yield  is  much  higher. 
Comparing  the  chemical  efficiency  of  the  generator,  U*Y,  gives  a  four  times  better  value  at  10  kPa  inspite  of  the  lower  utilization 
at  the  high  flow  rate.  The  absolute  yield  values  at  the  generator  exit  are  still  higher,  because  especially  at  higher  total  pressures  a 
significant  fraction  of  the  singlet  delta  molecules  is  lost  due  to  the  various  quenching  mechanisms  in  the  rather  long  flow  tube. 
Taking  into  account  pooling  losses  only,  the  generator  exit  yield  at  this  pressure  is  at  least  26%.  As  expected,  large  amounts  of 
helium  shift  the  partial  singlet  delta  pressure  towards  higher  total  pressures,  as  seen  in  Fig.  4.  The  optimum  moves  from  3  to  4  kPa 
at  helium  contents  of  less  or  equal  5  times  the  chlorine  amount  to  over  6  kPa  with  He:Cl2  =  10: 1.  It  must  be  stated  however,  that 
the  yield  remains  largely  uneffected  by  the  amount  of  helium.  The  same  is  true  if  helium  is  replaced  by  argon,  a  finding  comparable 
to  results  with  a  sparger  generator®.  In  a  particular  test  series  the  pressure  has  been  kept  constant  and  the  rotation  rate  of  the  disks 
has  been  varied  by  changing  the  flow  rate  of  the  BHP  (Fig.  5).  In  this  case  the  utilization  decreases  and  the  yield  increases  with 
growing  rotation  rate.  In  essence,  the  efficiency  remains  nearly  constant.  It  is  noteworthy  to  mention  that  this  behaviour  does  not 
agree  with  findings  in  the  large  rotating  disk  generator  at  our  Lampoldshausen  sitel  The  test  runs  with  argon  at  flow  rates  of  1 
mmol/s  CI2  +  3  mmol/s  Ar  allow  a  direct  comparison  with  former  results  gained  with  a  sparger  type  generator.  It  is  seen  from  Fig.  6 
that  the  new  Autodisk  generator  is  superior  of  the  sparger  generator,  which  becomes  particularly  prominent  at  higher  total 
pressures.  Measurements  of  water  vapour  in  the  flow  yielded  comparable  results  to  those  of  a  sparger  generator  filled  with  Raschig 
rings  and  is  about  a  third  lower  than  from  an  ordinary  sparger  generator. 
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Fig.5.  Utilization,  yield  and  efficiency  vs.  disk  rotation  rate  Fig.6.  Comparison  of  yield  for  the  Autodisk  and  a 
for  argon  as  the  buffer  gas.  sparger  generator  at  equal  flow  conditions. 


Beside  the  establishment  of  operational  limits  to  the  generator,  in  particular  with  respect  to  hi^  pressures,  future 
investigations  will  look  into  more  general  questions,  such  as  the  effects  of  the  rotation  direction  relative  to  the  gas  flow,  of  disks 
made  from  other  materials  (i.e.  plastics)  and  with  modified  surfaces,  and  of  the  packing  density  of  the  disks  (specific  area  A/V). 

4.  CONCLUSIONS 

A  small  rotating  disk  generator,  which  is  internally  driven  by  the  flowing  BHP  of  a  closed  flow  circuit  has  been  built  and 
operated  successfully  and  is  a  feasible  concept  for  a  simple  oxygen  generator.  This  generator  is  particularly  appropriate  for  high 
generator  pressure  operation  in  a  closed  BHP  flow  loop.  The  results  are  superior  to  those  of  a  sparger  generator  of  comparable 
design  data,  although  the  generator  proper  assumes  only  a  small  fraction  of  the  sparger. 
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ABSTRACT 

We  report  on  studies  of  a  5  cm  gain  length  chemical  oxygen-iodine  laser  (COIL)  energized  by  a  jet-type  singlet  oxygen 
generator  (JSOG)  are  presented.  For  10  mmole/s  of  CI2  flow  rate,  output  power  of  132  W  with  chemical  efficiency  of 
14.5%  were  obtained  without  a  water  vapor  trap.  163  W  and  18%  were  achieved  when  cooled  (173  K)  He  was  introduced 
downstream  of  the  JSOG;  under  these  conditions  the  small  signal  gain  was  estimated  to  be  0.32%  cm“^  190  W  and 
10.5%  were  obtained  for  20  mmole/s  of  CI2  flow  rate.  Replacing  He  by  N2  as  a  buffer  gas  resulted  in  a  13%  power 
decrease  only.  The  main  key  for  increasing  the  chemical  efficiency  of  a  COIL  without  a  water  vapor  trap  for  a  given 
iodine-oxygen  mixing  system  is  found  to  be  high  oxygen  pressure  and  low  water  vapor  pressure  inside  the  reaction  zone 
of  the  JSOG.  The  last  goal  was  achieved  by  optimizing  the  composition  and  temperature  of  the  basic  hydrogen  peroxide 
solution  (BHP).  The  experimental  results  are  discussed  and  related  to  the  composition  and  flow  conditions  of  the  gaseous 
reactants  and  of  the  BHP.  We  also  report  on  preliminary  results  of  efficient  COIL  operation  without  primary  buffer  gas 
using  rectangular  nozzles  with  iodine  injection  in  the  throat. 

Keywords:  supersonic  COILs,  chemical  oxygen-iodine  lasers. 

L  INTRODUCTION 

5  cm  gain  length  COIL  was  developed  at  Ben-Gurion  University  for  operation  at  maximum  chlorine  flow  rate  of  20 
uiinole/s  under  laboratory  conditions.^  Maximum  power  of  60  W  for  chlorine  flow  rate  15  mmole/s  with  chemical 
efficiency  of  4.4%  was  obtained  with  a  sparger-type  SOG  and  WVC.  In  the  present  paper  the  operation  and  power 
optimization  of  this  small  scale  COIL,  but  with  jet-type  SOG  (JSOG)  and  without  WVC  are  studied.  This  JSOG  was 
designed,  manufactured  and  tested  at  the  P.N.  Lebedev  Physical  Institute  (Samara  Branch)  and  is  similar  to  that  described 
in  It  is  shown  that  optimization  of  the  JSOG  operation  and  laser  cavity  conditions  result  in  both  power  and  chemical 
efficiency  increase.  Die  results  are  discussed  and  related  to  the  composition  and  flow  conditions  of  the  gaseous  reactants 
and  of  the  BHP  solution. 


IL  EXPERIMENTAL  SETUP 

The  experimental  setup  is  presented  in  Fig.l.  The  JSOG  (1)  was  manufactured  of  Plexiglass  for  visual  observation  of 
the  BHP/CI2  reaction  zone.  The  reaction  zone  is  20  cm  long  with  12  x  50  mm  cross  section.  The  BHP  is  prepared  in  a 
mixing,  double  jacket,  stainless  steel  tank  (2)  with  a  volume  of  7.5  liter  and  delivered  into  the  reaction  zone  under 
atmospheric  pressure  through  two  1  cm  i.d.  polyethylene  tubes.  The  BHP  jets  are  generated  in  the  reaction  zone  through 
a  perforated  plate  (3)  mounted  in  the  upper  part  of  the  JSOG.  Two  kinds  of  perforated  plates  are  used.  Jet  plate  #  1  has 
74  tubes  of  10  mm  length  and  0.6  mm  i.d.,  and  17  tubes  of  23  mm  length  and  0.8  mm  i.d.  It  is  used  when  10  mmole/s 
of  chlorine  flow  rate  is  applied,  the  BHP  flow  rate  being  0.2  liter/s.  Jet  plate  #2  has  86  holes  of  2.5  mm  length  and  0.7 
mm  i.d.  and  20  tubes  of  23  mm  length  and  0.8  mm  i.d.  For  this  plate  both  the  BHP  flow  rate  (0.32  liter/s)  and  the 
gas/liquid  interfacial  area  are  greater  than  those  for  plate  #1.  Plate  #1  was  replaced  by  #2  tor  chlorine  flow  rate  of  20 
mmole/s.  The  row  of  23  mm  long  tubes  is  located  closer  to  the  output  slit  valve  (4).  The  chlorine  is  delivered  into  the 
reaction  zone  through  two  perforated  stainless  steel  tubes  (5)  mounted  on  the  walls  of  the  JSOG.  The  chlorine  inlet 
position  is  at  10  or  15  cm  from  the  output  slit  valve.  The  cross  section  of  the  slit  in  the  valve  controls  the  linear 
velocity  of  the  gas  flow  in  the  JSOG  reaction  zone.  The  primary  buffer  gas  can  be  mixed  with  chlorine  upstream  of  the 
chlorine  inlet  (5)  or  with  oxygen  downstream  of  the  slit  valve.  In  the  latter  case  the  buffer  gas  is  delivered  into  gas 
injectors  (6)  located  in  the  upper  and  lower  walls  of  an  intermediate  cell  (7)  and  admixed  through  number  of  holes  drilled 
in  walls  of  the  cell.  The  intermediate  cell  is  20  cm  long  (in  the  flow  direction)  with  5  cm  wide,  1  cm  high  cross  section. 
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Downstream  of  the  intermediate  cell  iodine  mixing  nozzles  (8)  and  a  laser  cavity  (9)  are  located.  Detailed  description  of 
the  nozdes,  laser  cavity  and  molecular  iodine  vapor  generator  are  given  in  ^ .  The  iodine  mixing  system  consists  of  5 
nozzles  with  iodine  injector  holes  in  both  sides  of  each  nozzle;  the  injection  occurs  8  mm  upstream  of  the  nozzle  throat. 
The  laser  section,  starting  at  the  nozzle  exit  plane,  is  a  5  x  1  cm^  flow  duct;  3  cm  from  the  nozzle  exit  plane,  the  floor 
and  the  ceiling  of  the  duct  open  at  an  angle  of  2^.  At  the  end  of  the  section,  1 8  cm  downstream  of  the  nozzle  exit  plane, 
the  height  of  the  duct  reaches  2  cm.  The  optical  resonator  is  26  cm  long,  has  5  cm  active  length  and  consists  of  one  flat 
mirror  and  one  of  1  m  curvature.  Two  optical  axis  positions  are  available:  7  cm  and  15  cm  downstream  of  the  nozzle 
exit-plane.  The  vacuum  pumping  system  provides  a  volumetric  pumping  rate  of  450  liter/s. 


Fig.  1.  The  chemical  oxygen-iodine  laser/jet-type  singlet  oxygen  generator  (JSOG)  setup.  (1)  JSOG,  (2)  mixing  tank, 
(3)  perforated  plate,  (4)  slit  valve,  (5)  chlorine  inlet,  (6)  gas  injector,  (7)  intermediate  cell,  (8)  nozzles,  (9)  laser  cavity, 
(10)  collecting  tank. 

During  the  experiments  the  molar  flow  rate  of  He,Cl2  and  I2  and  the  pressure  in  the  reaction  zone  (Pq),  the  intermediate 
cell  (Pi),  the  nozzle  exit  plane  (P2)  and  at  the  end  of  the  laser  section  (P3)  (18  cm  downstream  of  the  nozzles)  were 
measured  as  described  in  The  output  power  from  one  of  the  mirrors  (that  with  the  higher  transmission)  was  measured 
with  a  powermeter  (Ophir-Nova  150  W).  The  total  output  power  is  assumed  to  be  equal  to  W  »  Wi(Ti  +  T2)/Ti  where 
T]  and  T2  are  the  mirror  transmissions  and  Wi  the  output  power  from  the  Ti  mirror.  The  time  duration  of  a  single 
COIL  run  was  20  s  for  10  mmole/s  of  chlorine  flow  rate  and  10  s  for  20  mmole/s.  After  each  run  the  BHP  was  collected 
in  tank  (10)  and  delivered  back  into  tank  (2). 


IIL  RESULTS 

The  operation  parameters  of  the  JSOG  were  initially  tested  at  the  P.N.  Lebedev  Physical  Institute  (Samara  Branch).  For 
chlorine  flow  rate  10  mmole/s  typical  values  of  the  02(^A)  yield  and  chlorine  utilization  are  65%  and  90%,  respectively. 
The  measurements  were  performed  with  BHP  prepared  from  3  liter,  32%  wt  H2O2  and  1.5  liter,  46%  wt  (12M)  aqueous 
KOH  solution  at  -lO^C.  For  decreasing  the  water  vapor  partial  pressure  the  COIL  experiments  at  Ben-Gurion  University 
were  performed  with  BHP  prepared  with  50%  wt  H2O2.  For  COIL  without  WVC  the  water  vapor  fraction  at  the  exit  of 
the  JSOG  is  a  very  important  parameter  because  of  its  quenching  role  in  the  iodine  mixing  and  dissociation  zone.  The 
water  vapor  pressure  inside  the  JSOG  is  close  to  the  saturated  water  vapor  pressure  and  the  BHP  temperature  should  be  as 
low  as  possible  to  decrease  quenching  of  02(^A).  However,  the  BHP  temperature  decrease  is  bounded  by  the  freezing 
point.  The  freezing  point  strongly  depends  on  the  BHP  composition^ .  In  the  present  series  of  experiments  three  BHP 
solutions  were  tested: 

BHPa:  3  liter  50%  wt  H2O2  +  1.5  L  46%  wt  KOH  at  -  15  C  (4M  HO2",  freezing  point  =  -  16.5  C  ), 

BHPb:  3.5  L  50%  wt  H2O2  +  IL  55%  wt  KOH  at  -  20C  (3.3M  H02‘,  freezing  point  =  -  21.5  C), 

BHPc:  3.75  L  50%  wt  H2O2  +  0.75  L  67%  wt  KOH  at  -  20  C  (3M  H02‘,  freezing  point  =  -  25  C). 
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For  BHPb  and  BHPc  the  saturated  water  vapor  pressure  is  expected  to  be  lower  than  for  BHPa. 

In  the  first  experiments  the  optimal  optical  axis-nozzles  distance  and  iodine  molar  flow  rate  were  found.  In  these 
experiments  BHPa  was  jetted  in  the  reaction  zone  using  jet  plate  #  1.  Chlorine  at  flow  rate  of  10  mmole/s  and  primary 
He  at  20  mmole/s  were  delivered  into  an  inlet  15  cm  from  slit  valve;  the  gas  pressure  in  the  reaction  zone  of  the  JSOG 
was  90  Torr.  The  He  flow  rate  through  the  iodine  generator  (secondary  He)  was  8  mmole/s.  A  maximum  power  of  68 
W  was  achieved  for  optimal  iodine  flow  rate,  approximately  0.1  mmole/s,  and  optical  axis  position  7  cm  downstream  of 
the  nozzles  (mirror  transmissions  were  Tj  =  T2  =  0.6%);  in  all  further  experiments,  COIL  runs  were  done  under  these 
optimal  conditions. 

Using  BHPb  instead  of  BHPa  at  the  0.1  mmol/s  iodine  flow  rate  resulted  in  power  increase  from  68  to  90  W  at  90  Torr 
of  overall  pressure  in  the  JSOG.  This  is  most  probably  due  to  the  decrease  of  the  partial  water  vapor  pressure  because  of 
lower  temperature  which  results  in  reduced  quenching  of  iodine  atoms  in  the  laser  and  hence  in  losses  of  02(^A). 

The  next  step  was  the  optimization  of  gas  flow  conditions  in  the  reaction  zone  of  the  JSOG,  In  this  series  of  experiments 
a  Cl2:He  1:2  mixture  at  10  mmole/s  of  chlorine  flow  rate  was  delivered  to  the  inlet  at  15  cm  from  the  slit  valve  and 
BHPb  was  used.  The  change  of  the  cross  section  of  the  slit  valve  resulted  in  a  change  of  the  gas  pressure  and  velocity  in 
the  JSOG  reaction  zone.  An  optimum  of  ~  60  Torr  overall  pressure  and  approximately  15  m/s  of  gas  velocity  were 
found.  The  maximum  power  was  108  W. 

In  all  the  above  mentioned  experiments  the  buffer  gas  was  premixed  with  chlorine  before  the  generator.  However,  JSOGs 
of  high  pressure  also  can  operate  with  injection  of  pure  chlorine  into  the  reaction  zone  of  the  generator  and  addition  of  the 
buffer  gas  downstream  of  the  slit  valve.  In  this  case  the  extent  of  mixing  between  the  buffer  gas  and  oxygen  flow 
upstream  of  the  nozzles  is  very  important  for  efficient  COIL  operation.  For  checking  this  extent,  two  experiments  were 
performed  with  BHPc  and  for  mirror  transmission  Ti  =  T2  =  0.6%.  In  the  first  experiment  a  Cl2:He  =  1:2  mixture  at  10 
mmole/s  of  chlorine  flow  rate  was  delivered  into  the  JSOG  (inlet  position  15  cm  from  the  slit  valve,  working  pressure 
60  Torr)  and  in  the  second  pure  chlorine  at  10  mmole/s  was  delivered  into  the  JSOG  (inlet  position  15  cm,  pressure  20 
Torr)  and  20  mmole/s  of  He  was  delivered  into  the  gas  injector  downstream  of  the  slit  valve.  In  the  former  experiment 
the  output  power  was  95  W  and  in  the  latter  108  W.  Thus,  it  seems  that  the  mixing  of  He  and  O2  in  the  intermediate 
cell  is  good  under  these  conditions  and  it  is  preferable  to  operate  the  laser  with  pure  chlorine  inside  the  reaction  zone  of 
the  JSOG.  In  the  next  experiment  the  He  flow  was  passed  through  a  copper  tube  spiral  immersed  in  liquid  nitrogen  and 
through  a  thermoinsulated  pipeline  and  then  injected  into  the  intermediate  cell.  This  procedure  was  continued  for  5-10 
minutes  until  the  temperature  of  the  pipeline  outside  surface  reached  163  K.  At  this  point  the  COIL  was  operated  and  the 
output  power  reached  120  W.  In  these  runs  condensation  of  water  vapor  was  observed  on  the  walls  of  the  intermediate 
cell.  For  a  longer  time  of  pipeline  cooling  the  condensation  of  water  vapor  and  iodine  also  was  observed  on  the  walls  of 
the  laser  cavity. 

The  dependence  of  the  output  power  on  mirror  transmission  is  presented  in  Fig.  2.  For  this  series  of  experiments  the 
JSOG  operated  at  10  mmole/s  of  pure  chlorine  (20  Torr  in  the  reaction  zone)  and  20  mmole/s  of  primary  He  delivered 
into  the  gas  injector.  By  linear  extrapolation  to  zero  power  (see  solid  line  in  Fig.  2)  it  can  be  estimated  that  the  threshold 
gain  is  3.2%  and  the  distributed  small  signal  gain  3.2  x  10"^  cm"^  under  these  conditions.  Linear  extrapolation  to  zero 
mirror  transmission  gives  200  W  extractable  power  in  the  absence  of  nonresonant  radiation  losses.  The  highest  power, 
163  W,  and  chemical  efficiency,  18%,  were  obtained  for  mirror  transmissions  Ti  =  0.6%,  T2  =  0.1%. 

The  influence  of  buffer  gas  species  and  dilution  on  the  output  power  is  presented  in  Fig.  3.  In  all  these  tests  the  buffer 
gas  was  introduced  into  the  gas  injector  (6)  (Fig.  1).  It  is  seen  that  just  as  in  Ref.  4,  the  power  is  a  nonmonotonic 
function  of  the  He  flow  rate.  Substituting  He  by  N2  resulted  in  13%  power  decrease  under  the  same  experimental 
conditions.  The  power  decreases  strongly  when  the  flow  rate  of  the  primary  diluent  gas  is  equal  to  zero.  The  dilution  of 
oxygen  with  buffer  gas  was  accompanied  by  a  change  of  the  pressure  in  the  intermediate  cell.  For  example,  for  zero 
buffer  gas  flow  Pj  =  9  Torr,  for  20  mmole/s  of  He  flow  Pi  =  13.5  Torr  and  for  20  mmole/s  of  N2,  Pi  =  18  Torr. 

Several  COIL  runs  were  performed  with  20  mmole/s  of  pure  chlorine  flowing  into  the  JSOG  for  inlet  position  15  cm 
from  the  slit  valve.  In  these  runs  BHPc  was  jetted  in  the  reaction  zone  using  jet  plate  #  2.  The  working  pressure  in  the 
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reaction  zone  was  27-28  Torr.  40  nmiole/s  of  primary  He  at  room  temperature  were  delivered  through  the  gas  injector  (6) 
(Fig.  1).  The  secondary  He  flow  rate  was  10  mmole/s  and  the  iodine  flow  0.1  mmole/s.  Output  power  of  190  W  for  Ti 
=  0.6%,  T2  =  0.6%  mirrors  was  achieved,  i.e.,  1.8  times  more  than  for  the  same  mirrors  at  10  mmole/s  of  chlorine  and 
20  mmole/s  of  primary,  uncooled  He. 

Very  recently  we  have  carried  out  experiments  using  rectangular  nozzles  with  iodine  injection  in  the  throat.  In 
preliminary  tests  output  power  of  122  W  and  chemical  efficiency  of  12%  were  obtained  without  primary  buffer  gas  for 
mirror  transmissions  Tj  =  0.85%  and  T2  =  0.2%. 


Fig.  2.  Output  power  versus  mirror  transmission. 
The  CI2  molar  flow  rate  is  10  nunole/s,  the  He 
flow  delivered  into  the  gas  injector  (6)  (Fig.  1)  is 
20  mmole/s,  secondary  He  flow  is  8  mmole/s  and 
I2  flow  rate  is  about  0.1  mmole/s.  BHPc  is  used. 


Fig.3.  Influence  of  buffer  gas  dilution  of  oxygen 
on  output  power.  The  CI2  molar  flow  rate  is 
10  mmol/s,  the  secondary  He  flow  is  8  mmole/s 
and  the  I2  flow  rate  is  about  0.1  mmole/s.  BHPc 
is  used.  The  buffer  gas  is  delivered  at  293  K. 


IV,  CONCLUSIONS 


Output  power  of  132  W  and  chemical  efficiency  of  14.5%  were  obtained  without  WVC.  163  W  and  18%  chemical 
efficiency  were  achieved  with  introduction  of  cooled  (173  K)  He  downstream  of  the  JSOG.  190  W  at  10.5%  efficiency 
were  obtained  for  a  5  cm  gain  length  COIL  for  20  mmole/s  of  chlorine  flow  rate.  The  estimated  small  signal  gain  was 
about  0.32%  cm'^.  Using  nitrogen  as  a  buffer  gas  instead  of  helium  resulted  in  a  13%  power  decrease  only.  However, 
replacing  helium  by  nitrogen  allows  to  decrease  the  cost  of  laser  operation.  The  main  key  for  increasing  the  chemical 
efficiency  of  a  COIL  without  water  vapor  trap  for  a  given  iodine-oxygen  mixing  system  is  high  oxygen  pressure  and  low 
water  vapor  pressure  inside  the  reaction  zone  of  the  JSOG.  The  last  goal  is  achieved  by  adjustments  of  the  BHP 
composition  and  temperature.  This  adjustment  is  limited  by  the  freezing  point  of  the  BHP  and  by  slower  kinetics 
processes  when  the  BHP  temperature  decreases.  Possible  ways  to  overcome  these  problems  are  increasing  of  the  partial 
oxygen  pressure  inside  the  JSOG  and  using  BHP  prepared  with  highly  concentrated  H2O2.  Preliminary  experiments 
where  rectangular  nozzles  with  iodine  injection  in  the  throat  were  applied  have  shown  that  output  power  of  122  W  and 
chemical  efficiency  of  12%  can  be  obtained  without  primary  buffer  gas. 
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ABSTRACT 

RF  oxygen  plasma  jets  were  studied  experimentally  as  an  alternative  source  of  molecular  singlet  delta  oxygen  for  an 
oxygen-iodine  laser.  The  relative  yield  of  singlet  delta  oxygen  was  measured  under  a  wide  variety  of  experimental 
conditions.  The  RF  frequency  range  was  27.2-99,9  MHz  and  the  RF  power  was  up  to  200  W.  The  oxygen  output  pressure 
was  0.05-0.40  Torr  and  the  oxygen  flow  rate  was  195-1000  seem.  High  purity  oxygen  or  its  mixtures  with  Ar,  N2,  NO  and 
Hg  at  the  pumping  velocity  of  250  m^/h  were  used.  The  plasma  jet  was  produced  in  nozzles,  having  the  irmer  diameter  of  1- 
6  mm  and  the  length  of  1-16  mm.  The  nozzle  materials  Al,  Ti,  Ta  and  W  gave  significantly  better  results  than  Pt  and  Ni. 
The  dependence  of  singlet  delta  oxygen  production  on  the  radiofrequency  was  increasing  monotonously.  Other 
dependencies  were  not  monotonous  and  exhibited  an  optimum.  The  cw  mode  of  operation  gave  usually  better  results  than  a 
pulsed  mode.  The  most  effective  admixture  was  N2,  which  gave  the  highest  enhancement.  This  resulted  in  the  relative  yield 
of  singlet  delta  oxygen  exceeding  15  %. 

Keywords:  radiofrequency  plasma,  plasma  jet,  hollow  cathode,  molecular  oxygen,  singlet  delta  oxygen,  metastables 
generation,  molecular  nitrogen,  oxygen-iodine  laser. 

1.  INTRODUCTION 

Our  previous  study\  utilizing  the  device  DSOG-1  (Discharge  Singlet  Oxygen  Generator  1),  was  continued  by  more 
extensive  investigation  of  the  RF  hollow  cathode  discharge  using  an  improved  experimental  apparatus  DSOG-2.  The  new 
device  DSOG-2  was  designed  to  enable  more  stable  performance  imder  well  defined  conditions  and  to  avoid  such  technical 
problems  of  DSOG-1  as  the  residual  thermal  continuum  background  at  1.27  pm  or  the  fast  erosion  of  hollow  electrode. 
Some  of  the  latest  results  of  such  effort  are  included  in  this  paper. 

Our  previous  results  had  been  reconsidered  and  it  resulted  in  a  correction  of  calibration.  The  main  change  was  due  to 
substantially  improved  determination  of  optical  fiber  coupling  to  the  diagnostic  chamber  where  the  fundamental  emission  of 
singlet  delta  oxygen  was  measured.  The  previous  results  became  3.8  times  lower  and  the  best  of  them  amounted  to  4.2  % 
yield  of  singlet  delta  oxygen. 


2.  EXPERIMENTAL 

The  experimental  set  up  of  DSOG-2  is  schematically  shown  in  Fig.  1.  It  consisted  of  two  parts  -  a  discharge  chamber 
and  a  diagnostic  chamber.  Both  of  them  differed  from  that  of  DSOG-1. 

The  discharge  chamber  consisted  of  two  electrodes  with  an  insulation  in  coaxial  arrangement.  The  outer  grounded 
electrode  was  made  of  pure  aluminium  and  it  was  water  cooled.  The  RF  nozzles  were  made  of  Al,  Ti,  Ta,  W,  Pt  and  Ni, 
respectively.  The  nozzles  had  a  cylindrical  shape,  having  the  inner  diameter  1-6  mm  and  the  length  of  1-16  mm.  The 
nozzle  holder  was  made  of  stainless  steel  and  it  was  water  cooled.  Gas  was  fed  through  the  holder  into  the  nozzle.  High 
purity  oxygen  or  its  mixtures  with  Ar,  N2,  NO  and  Hg  were  used.  The  pumping  velocity  was  250  m^/h.  The  oxygen  partial 
pressure  downstream  the  discharge  was  0.05-0.40  Torr.  The  oxygen  flow  rate  was  195-1000  seem.  The  pressure  and  the 
temperature  of  gas  upstream  the  nozzle  was  measured  at  the  inlet  of  holder.  The  RF  power  was  supplied  via  a  matching 
network.  The  RF  frequency  range  was  27.2-99.9  MHz  and  the  RF  power  was  up  to  200  W.  Under  usual  conditions 
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(radiofrequency  99.9  MHz,  pure  oxygen  flow 
rate  195  seem)  the  threshold  of  plasma  jet 
initiation  inside  nozzles  was  about  2  W  only. 
A  typical  pressure  upstream  the  nozzle  was 
about  10  Toit. 

The  diagnostic  chamber  consisted  of  3 
Pyrex  tubes  connected  by  aluminium  cubes. 
All  was  arranged  at  “U”  shape  geometry 
having  the  inner  length  of  all  the  three  parts 
50  cm.  The  inner  diameter  of  the  whole  duct 
was  51  mm.  Each  of  the  cubes  had  two  glass 
windows  and  two  inlets  for  a  pressure  gauge 
and  a  thermocouple.  This  arrangement 
increased  the  signal  to  noise  ratio 
significantly,  compared  to  the  “T’  case^  and  it 
enabled  to  separate  optically  the  far  afterglow 
region  from  discharge,  plasma  decay  and  near 
afterglow  regions.  The  far  afterglow  region 
was  in  the  third  tube  namely.  A  typical 
pressure  downstream  the  nozzle,  measured  at 
positions  1,2  or  3  was  about  0.1  Torr, 

Significant  features  of  such  RF  plasma  jet 
system  are:  a  high  pressure  ratio  of  upstream 
and  downstream  pressures  (typically  about 
100)  and  a  very  short  residence  time  of  the 
order  10-100  ps.  This  differs  the  RF  plasma 
jet  system  from  other  types  of  discharges  used 
in  the  past  for  generation  of  singlet  delta 
oxygen  (e.g.  microwave  discharges).  The 
other  typical  phenomena  are  strong  plasma 
inhomogeneities  (both  radial  and  axial)  and 
significant  influences  of  wall  effects  and  space 
charge  sheath  effects. 


OPTICAL  SPECTRA  1.22-1.32  urn 


Fig.l  The  experimental  set  up  of  DSOG-2 


I _ I  I - 1  zdJ  The  diagnostics  of  singlet  delta  oxygen 

^  y  remained  in  principle  the  same  as  earlierV 

(— -  The  emission  from  the  diagnostic  chamber 

FUNDAMENTAL  EMISSION  POWER  |  OPTICAL  SPECTRA  1.22-1.  32  nm  | 

with  a  core  diameter  of  0.8  mm.  The  fibers 

Fig.  1  The  experimental  set  up  of  DSOG-2  2  m  long  and  guided  the  radiation  to  the 

optical  spectrum  analyzer.  Usually,  only  a 
narrow  part  of  the  near  infrared  spectra, 
surrounding  the  fundamental  emission  band  was  monitored  -  the  range  1.22-1.32  pm.  This  spectrum  gave  sufficient 
information  about  the  band  itself  and,  at  the  same  time,  about  an  optical  noise,  if  any  occured.  There  was  no  problem  with 
the  residual  thermal  continuum  background  at  1.27  pm,  however,  some  optical  noise  was  detected  in  cases  of  mixtures 
containing  nitrogen.  This  noise  originated  from  the  airglow  chemiluminiscent  reaction  of  O  and  NO.  The  personal 
computer  integrated  only  the  true  fundamental  emission  band.  These  data  together  with  the  pressure  and  temperature  data 
measured  in  the  diagnostic  chamber  at  the  cubes  1,  2  or  3,  were  used  for  the  determination  of  singlet  delta  oxygen  yield. 

Gases  were  mixed  upstream  the  nozzle  holder.  Mercury  was  added  to  the  gas  stream  when  it  passed  through  a  glass 
vessel  partially  filled  with  Hg.  This  vessel  was  placed  between  the  nozzle  holder  and  the  point,  where  gases  were  mixed.  All 
gases  had  high  grade  purity  99.95  %  or  99.9995  %.  Premixed  mixtures  of  nitrogen  contained  2  %  or  10  %  of  NO  and  they 
were  supplied  from  the  bottles  commercially  available.  Other  mixtures  were  prepared  continuously. 


3.  RESULTS  AND  DISCUSSION 


Preliminary  experiments  with  pure  oxygen  at  the  conditions  (the  A1  nozzle,  the  inner  diameter  3  mm,  the  length  4mm, 
the  CW  discharge,  the  radiofrequency  99.9  MHz,  the  flow  rate  300-1000  seem)  showed  that  singlet  delta  oxygen  yield 
measured  at  the  cube  3  was  a  little  bit  higher  than  that  in  cube  1.  This  enhancement  was  about  10  %  relatively  and  was 
caused  probably  by  recombination  of  atomic  oxygen  on  Pjrex  walls  directly  to  the  singlet  delta  state  of  molecular  oxygen  in 
accordance  with  the  pai>er^ .  That  is  why  all  the  following  dependencies  were  measured  at  the  cube  3,  i.e.  150  cm 
downstream  the  discharge.  The  preliminary  tests  included  also  pulsed  mode  experiments,  however,  xmder  conditions  of 
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DSOG-2  experiments  there  was  no  case  of 
enhancement  due  to  the  pulsed  mode.  That 
is  why  all  the  following  dependencies  refer 
to  the  CW  mode  only. 

The  dependence  of  singlet  delta  oxygen 
yield  on  radiofrequency  is  shown  in  Fig.  2. 
The  dependence  was  increasing 
monotonously.  There  seemed  to  be  no 
signs  of  saturation  at  the  highest 
frequencies.  It  might  be  expected, 
however,  on  the  other  hand  it  may  be 
noted  that  the  same  yield  was  usually 
obtained  with  microwave  discharges, 
which  usually  had  25  times  higher 
frequency  than  the  highest  frequency  of 
DSOG-2.  The  data  in  Fig.  2  were  obtained 
with  A1  nozzle,  having  the  inner  diameter 
2  mm  and  the  length  3  mm.  The  flow  rate 
of  pure  oxygen  was  195  seem.  All  the 


Fig.  2  02(a^Ag)  yield  vs  radiofrequency 


following  dependencies  were  measured  at 
the  radiofrequency  99.9  MHz. 


0  20  40  60  80  100  120  140  160 

Absorbed  RF  Power  [W] 

Fig.  3  02(a^  Ag)  yield  vs  RF  power  for  different  nozzle  materials 


The  influence  of  nozzle  materials  can 
be  seen  in  Fig.  3.  Six  materials  for  nozzles 
were  tested:  Al,  Ti,  Ta,  W,  Pt  and  Ni, 
Their  corresponding  surface  quenching 
rate  coefficients  y  for  singlet  delta  state  of 
molecular  oxygen  are  following^  : 
^0.001,  0.001,  0.001,  ^0.001, 
0.010  and  0.011.  A  correlation  of  the  yield 
with  surface  quenching  rates  of  these 
materials  seems  to  be  evident.  However, 
the  strong  difference  between  the 
performance  of  materials  with  the  low 
quenching  rate  and  those  with  the  high 
quenching  rate,  having  in  mind  the  very 
short  residence  time  of  gas  in  the  nozzle 
(10-100  jxs),  suggests  that  the  wall  effects 
influenced  the  overall  kinetics  of 
discharge  very  significantly.  The 
experimental  results  seem  to  be  consistent 
with  our  hypothesis  that  the  kinetics  of  RF 
oxygen  plasma  in  jets  is  strongly 


influenced  by  inhomogeneities  and  surface 
phenomena.  All  the  nozzles  had  the  inner  diameter  2  mm  and  the  length  3  mm.  The  flow  rate  of  pure  oxygen  was  195 
seem.  An  erosion  of  the  nozzles  by  oxygen  plasma  was  the  most  significant  in  the  case  of  platinum. 
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Absorbed  RF  Power  [W] 

Fig.  4  02(a^  Ag)  yield  vs  RF  power  for  pure  oxygen  and  N2:02  mixture 


Experiments  with  gas  mixtures  brought 
about  an  enhancement  of  singlet  delta 
generation,  compared  to  the  pure  oxygen 
case.  The  example  of  such  enhancement 
may  be  seen  in  Fig.  4.  The  mixture  N2:02 
had  the  ratio  of  volumetric  flow  rates 
10:195  seem.  Using  the  A1  nozzle  (the 
inner  diameter  3  mm  and  the  length  2 
mm),  the  highest  yield  of  singlet  delta 
oxygen  was  achieved.  This  enhancement 
was  probably  caused  by  the  reaction"*: 

^0!+N.  (25%) 
N2(A  ^u)  +  02-^20  +  N2  (75%) 

with  the  rate  coefficient  k=3  x  10“'^  cmVs. 
The  excited  state  of  molecular  oxygen  may 
be  ascribed  to  one  of  singlet  states  with 
possible  subsequent  cascade  depopulation 
to  the  singlet  delta  state.  The  above 
reaction  made  an  additional  creation 
channel  for  singlet  delta  oxygen.  When  2 
%  or  10  %  admixture  of  NO  in  nitrogen 


was  used,  keeping  all  other  parameters  the  same,  an  additional  enhancement  at  a  low  RF  power  (below  60  W)  was  observed, 
however,  it  disappeared  at  a  higher  power  (above  60  W).  It  may  be  assumed  that  the  additional  enhancement  was  caused  by 
a  collisional  energy  transfer  from  the  state  NO(a"’ni)  to  molecular  oxygen.  The  disappearance  of  this  effect  at  the  higher 
power  may  be  caused  by  dissociation  of  NO  molecule.  The  admixture  of  argon  to  pure  oxygen  resulted  in  negligible 
enhancement,  compared  to  nitrogen.  The  admixture  of  mercury  caused  nearly  no  enhancement  in  case  of  pure  oxygen  and 
in  case  of  oxygen  nitrogen  mixture  it  caused  even  measurable  degradation  in  DSOG-2  performance.  This  could  confirm  that 
atomic  oxygen  had  little  chance  to  quench  delta  oxygen  because  of  the  short  residence  time  in  the  nozzle  and  low  pressure 


downstream  the  nozzle.  Mercury  could  quench  excited  metastable  nitrogen. 


4.  CONCLUSION 

The  performance  of  the  experimental  apparatus  DSOG-2  was  significantly  better  than  that  of  DSOG-1  both  in  the 
relative  yield  of  singlet  delta  oxygen  and  in  the  electrical  efficiency.  This  holds  up  our  hope  for  achieving  a  sufficiently  high 
yield  of  singlet  delta  oxygen  to  pump  an  oxygen-iodine  laser. 
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ABSTRACT 

Having  succeeded  the  oscillation  of  6  kW  output  power  by  a  supersonic  flow,  the  chemical 
oxygen  iodine  laser  (COIL)  is  now  going  to  be  realized  as  a  new  industrial  laser  by  adopting  various 
leading  technologies. 

Keywords:  iodine  laser,  chemical  laser,  COIL,  industrial  laser,  high  power  laser,  optical  fiber, 
singlet  oxygen  generator,  SOG,  material  processing,  decommissioning 

1.  INTRODUCTION 

Since  the  first  oscillation  of  the  Chemical  Oxygen  Iodine  Laser  (hereafter  referred  to  as  COIL) 
in  the  USA  was  achieved  in  1978,  major  stress  has  been  laid  on  the  COIL  research  for  the  purpose 
of  military  utilization  because  of  its  high  power  output  capability.  Kawasaki  has  been  developing 
COIL,  on  the  contrary,  aiming  at  the  industrial  application  since  1986  because  it  has  excellent 
characteristics  of  a  high  power,  a  high  beam  quality  and  a  good  transmission  through  optical  silica 
fibers. 

The  subsonic  COIL  development  was  fulfilled  in  our  laboratory  from  1986  to  1992.  During  this 
term,  a  duration  time  of  3  hours  operation  with  the  output  power  of  100  W  was  achieved  by 
continuously  replenishing  the  chemical  fuels.  An  output  power  of  1  kW  was  attained  by 
investigating  the  key  technologies  to  scale  up.  As  the  results,  the  first  commercial  COIL  in  the 
world  was  demonstrated  installed  in  a  material  processing  machine.^  But  the  size  of  this  system 
was  still  large  in  comparison  with  its  output  power. 

The  supersonic  COIL(SCOIL)  development  has  been  conducted  since  then.  In  1994,  1  kW 
oscillation  was  achieved  with  a  new  type  singlet  oxygen  generator  under  the  supersonic  gas 
velocity  of  Mach  2.  A  length  of  the  laser  medium  was  only  9  cm,  though  the  one  of  subsonic  was  100 
cm.  Aiming  at  the  thick  steel  cutting,  a  scaling  up  of  this  system  was  carried  out  and  the  higher 
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power  up  to  6  kW  was  achieved  in  1995.^  This  SCOIL  has  a  folded  stable  resonator  and  obtained  a 
high  quality  beam  with  a  stable  power  for  about  5  minutes. 

For  the  industrialization  of  SCOIL,  the  cost  performance  becomes  very  important.  Some  of  the 
break  through  technologies  for  the  industrial  COIL  such  as  no  water  vapor  trap,  no  helium  gas  and 
so  on,  have  already  been  achieved  in  our  laboratory  with  no  degradation  of  the  efficiency.  It  will  not 
be  the  far  future  that  the  industrial  SCOIL  are  running  in  various  fields  as  the  automobile 
production  line  with  processing  robots  connected  by  optical  fibers,  the  wide  processing  yard  in  the 
ship  building  factory  which  requests  the  capability  of  thick  plate  cutting,  the  decommissioning  in 
the  nuclear  factory  which  needs  the  remote  control  operation  for  the  personnel  safety  with  the  high 
energy  transmission  through  optical  fibers. 

2.  COIL  DEVELOPMENT 
2.1  Basic  composition  of  COIL  system 

The  basic  composition  of  the  subsonic  COIL  system  consists  mainly  of  a  singlet  oxygen 
generator(SOG),  a  water  vapor  trap(WVT)  and  a  laser  resonator  in  Figure  1.  The  pressure  of  these 
components  are  retained  at  1-3  torr  by  a  vacuum  pump.  The  SOG  generates  excited  oxygen  02(^A) 
through  the  chemical  reaction  of  Cb  and  aqueous  solution  of  H2O2  and  KOH: 

H2O2  +  2KOH+  Cl2"^02(iA)+  2H2O  -f  2KC1  (1) 

02(^A)  is  led  to  the  WVT  together  with  vaporous  H2O  in  which  the  water  vapor  is  removed  by 
frozen  on  the  cooled  wall. 

In  the  laser  cavity,  iodine  molecules  I2  are  dissociated  and  activated  by  the  02(^A)  and  after 
achieving  the  population  inversion,  a  near-infrared  laser  beam  of  1.315  pm  in  wavelength  is 
emitted.  These  reactions  in  the  cavity  are  as  follows: 


I2  +  2  02(1  A)  — 

21  +  2  02(3  2) 

(2) 

I  +  02(1A)  — *• 

r+  02(3  2) 

(3) 

r  +  n  h  i;  ^ 

I  +  (n+1)  h  v 

(4) 

The  atomic  iodine  is  pumped  up  by  a  resonant  energy  pooling  reaction  and  reaches  equilibrium  (4) 
in  less  than  10  fj.  s.  This  powerful  pumping  of  iodine  atoms  is  primarily  the  base  of  the  high  power 
of  COIL. 
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2.2  Subsonic  COIL  development 


The  1  kW  COIL  for  material  processing  which  Kawasaki  has  delivered  to  ALEC  in  Figure  2 
has  some  specific  facilities  for  long  term  stable  oscillation,  such  as  the  fuel  recirculation  system, 
pressure  control  system  at  the  cavity,  the  iodine  evaporator  with  the  radiant  heater  of  a  halogen 
lamp  for  coping  with  quickly  to  the  laser  power  variation,  and  the  water  vapor  trap  of  rotating  disk 
type.  In  the  fuel  recirculation  system,  the  alkaline  H2O2  composition  and  the  temperature  are 
controlled  automatically  for  stabilizing  the  excited  oxygen  generation.  And  the  waste  solution  of 
after  reaction  is  utilized  to  melt  the  ice  which  scraped  off  from  the  disk  surfaces  of  the  water  vapor 
trap.  This  molten  water  is  continuously  discharged  to  outside  the  vacuum  line  by  means  of  the  ice 
discharge  pump.  Thus  the  operation  could  be  continued  stably  for  long  time. 

Figure  3  shows  the  main  construction  of  this  COIL.  The  performance  of  the  laser  is  over  1  kW 
output  power  within  ±2%  power  fluctuation  with  30%  chemical  efficiency.  Using  this  equipment, 
5  mm  thick  stainless  steel  was  cut  at  the  speed  of  2  m/min  by  1  kW  beam  which  led  through  a  0.3 
mm  diameter  optical  silica  fiber.  The  power  density  on  the  focusing  point  reached  to  over  1.4 X  10^ 
W/cm^  which  satisfied  for  achieving  the  laser  cutting  phenomenon. 

2.3  Supersonic  COIL  development 

The  supersonic  cavity  is  divided  into  three  parts,  iodine  injectors,  supersonic  nozzles  and  a 
folded  type  stable  resonator.  To  obtain  good  mixing  of  the  iodine  to  a  primary  flow  of  the  excited 
oxygen,  the  iodine  is  injected  both  transversally  and  obliquely  by  the  injectors  in  a  subsonic  flow 
region  upstream  of  a  supersonic  nozzle  throat.  Then  the  laser  gas  which  is  composed  of  the  oxygen 
and  iodine  is  expanded  to  about  Mach  2  through  the  supersonic  nozzles  in  which  an  area  ratio  of 
the  nozzle  throat  to  the  nozzle  exit  plane  is  1  to  2.3  ,  so  as  to  decrease  a  gas  temperature.  Figure  4 
shows  the  main  construction  of  supersonic  COIL  (SCOIL). 

A  stable  resonator  of  folded  type  is  applied  to  the  SCOIL.  In  a  case  of  the  stable  resonator 
which  composed  of  a  concave  reflector  mirror  and  a  plane  output  mirror,  a  full  divergence  angle  6 
of  a  multi  mode  beam  is  defined  as  follows; 

0=2a/[L(K-L)]i/2  (5) 

Where  2a  is  a  beam  diameter  on  the  output  mirror,  L  is  a  distance  between  both  mirrors  and  R  is  a 
curvature  radios  of  the  concave  mirror.  The  test  data  shows  the  good  agreement  with  this 
theoretical  value.  The  folded  resonator  has  an  effect  to  have  a  smaller  6  not  only  by  lengthening  L 
but  also  shortening  diameter  a  to  the  direction  of  the  gas  flow.  Thus  the  output  beam  can  be 
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focused  on  the  optical  fiber  core  of  its  diameter  0,3  mm. 

The  SCOIL  has  been  running  with  the  stable  power  5-6  kW  in  the  laboratory  of  Kawasaki 
Kobe  Works. 


3.  INDUSTRIAL  COIL 

Table  1  indicates  main  differences  of  the  COIL  between  for  military  and  for  industry. 

Suitable  output  power  for  the  industrial  COIL  can  be  estimated  from  10  kW  to  100  kW 
approximately.  Because  not  so  many  users  would  request  more  than  100  kW  even  they  want  to  cut 
300  mm  thick  plate  and  only  few  manufacturers  try  to  produce  less  than  10  kW  COIL  because  of 
the  difficulties  to  compete  with  the  other  lasers  as  YAG  or  CO2  in  price  at  such  low  power  region. 
The  most  desirable  performance  of  the  industrial  COIL  would  be  the  cost  per  photon,  though 
higher  power  per  unit  weight  of  laser  facility  is  requested  for  the  military  COIL  because  it  is 
usually  used  on  the  airplane.  Beam  quality  would  be  enough  for  the  industrial  use  if  the  output 
beam  can  be  focused  on  the  optical  fiber  core  with  its  energy  density  over  0.5- 1.0 X  10'^  kW/cm^  for 
evaporating  steel  instantly  when  cutting.  And,  of  course,  this  beam  should  be  come  out  of  the 
oscillator  stably  for  a  long  time. 

For  achieving  these  requests,  many  developments  on  the  industrial  COIL  have  been  carrying 
out,  such  as  no  helium  dilution,  no  water  vapor  trap,  higher  exhaust  pressure  for  vacuum  pump, 
recyclable  system  of  the  basic  hydrogen  peroxide  (BHP)  and  so  on.  The  10  kW  industrial  COIL 
installed  the  above  leading  technologies  is  now  under  construction  in  Kawasaki,  Noda  Works. 


Table  1  Comparison  of  desirable  specification  on  the  COIL 
for  military  and  for  industry 


ITEM 

Military  COIL 

Industrial  COIL 

Power 

MW 

KW 

Performance 

Power/Weight 

Cost/Photon 

Operation 

Peak  power  on  duty 

Long  duration 

Beam  quality 

Brightness 

Optical  fiber 

Pollution 

loose 

strict(Cl2,COD) 

703 


4.  CONCLUSION 


In  1992,  the  world  first  industrial  COIL  was  demonstrated  installed  in  a  material  processing 
machine.  But  the  performance  value(P.V.)  which  is  defined  in  table  1  as  [Cost/Photon]  could  not  be 
sufficient  as  the  commercial  one. 

The  oscillation  of  1  kW  COIL  under  the  supersonic  gas  flow  has  succeeded  in  1994,  A  length  of 
the  active  medium  became  10  times  smaller  than  the  one  of  subsonic  COIL. 

Inspired  by  the  achievement  of  6  kW  oscillation  by  the  scaling  up  SCOIL  in  1995,  10  kW 
DEMO  SCOIL  is  now  under  construction  in  Kawasaki,  Noda  V  P.  V.  of  the  oLOIL  can  be 

estimated  10  times  better  than  the  COIL's  and  is  reaching  to  the  commercial  level. 
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Fig.l  The  basic  design  of  COIL 
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Fig.2  A  1-kW  COIL  device  delivered  to  ALEC  in  1992 


Fie. 3  Schematic  construction  of  a  subsonic  COIL 


Supersonic  COIL  Operation  at  DLR  Germany 

L.H  von  EntreU-Fursteneck,  J.Handke,  K.Grimewald 
W.L.Bohn*,  W.O.Schall* 

DLR-Institut  for  Technische  Physik 
D-74239  Lampoidshausen  /  *D-70659  Stuttgart,  Germany 

ABSTRACT 

The  German  Aerospace  Research  Establishment  (DLR)  is  routinely  operating  its  supr  rsonic  chemical  oxygen-iodine  laser^’^ 
(COIL).  Meanwhile  over  200  ^  ingle  tests  have  been  performed  at  run  times  extendi  g  to  1  minute.  Power  levels  of  5  KW 
have  been  exceeded  Parametric  studies  were  performed  resulting  in  chemical  generator  efficiencies  of  about  43%  for  the 
baseline  operation  with  high  power  output.  The  BHP  molarity  was  found  as  one  of  the  most  important  parameters  for  a 
stable  and  reproducible  operation.  Yield  measurements  revealed  lower  numbers  than  expected  from  theoretical  calculations. 
The  paper  gives  an  overview  of  the  COIL  device  and  discusses  the  experimental  and  calculated  results  of  the  investigations. 

Keywords:  chemical  laser,  supersonic  flow,  oxygen,  iodine,  utilization,  yield 

1.  INTRODUCTION 

The  German  COIL  activities  are  concentrated  on  the  developement  and  investigation  of  a  supersonic  multikilowatt  class 
laser  device.  These  are  supported  by  small  scale  basic  research  on  selected  COIL  topics  like  BHP  chemistry',  advanced 
generator  technology  and  developement  of  diagnostic  tools  and  methods.  We  demonstrate  reliable,  safe  and  reproducible 
handling  in  short  and  long  run  operation.  Subsystems  have  been  improved  in  order  to  optimize  generator  efficiencies  and  to 
reduce  transport  losses  in  the  duct.  Further  improvements  with  special  emphasis  on  aspects  concerning  long  run  operation 
have  been  started. 


2.  SYSTEM  SETUP 

The  general  system  setup  is  displayed  in  Fig.l.  A  separate  BHP  preparation  system  is  used  in  order  to  premix  hydrogen 
peroxide  and  KOH  before  it  is  transfered  to  the  oxygen  generator.  In  this  generator,  the  BHP  is  brought  into  contact  with 
gaseous  chlorine  in  order  to  produce  electronically  excited  oxygen  02(^A).  The  oxygen  is  transported  to  the  laser  head  that 
consists  of  the  iodine  mixing  region,  the  supersonic  expansion  nozzle  and  the  laser  cavity  with  the  optical  resonator.  Before 
the  gas  is  recompressed  and  exhausted  to  atmosphere  corrosive  and  toxic  components  are  removed  by  a  scrubber  system. 

A  special  feature  of  the  whole  setup  is  the  ex¬ 
tended  use  of  plastic  materials  wherever  it  is 
possible.  Within  the  BHP  preparation  system  all 
containments,  tubes  and  valves  are  manufactured 
out  of  polyethylen.  The  generator  is  a  rotating  disk 
type  generator  on  loan  from  the  Phillips  Lab  at 
Albuquerque,  NM.  The  data  of  this  generator  are 
extensively  reported"^.  Currently  the  laser  is 
operated  without  a  water  vapor  trap  between 
generator  and  laser  head.  Several  ports  along  the 
duct  between  generator  and  laser  head  allow 
optical  measurements  of  singlet  delta  oxygen  as 
well  as  of  residual  chlorine  concentrations.  The 
nozzle  array  consists  of  sixteen  two-dimensional 
expansion  nozzles  for  supersonic  expansion  to  an 
isentropical  mach  number  of  1.8.  In  the  subsonic 
region  the  iodine  is  transversely  injected  from  the 
nozzle  walls  into  the  oxygen  flow  through  a  row  of 
0.5  mm  diameter  orifices.  In  the  present  configuration  a  stable  resonator  is  placed  directly  at  the  nozzle  exit  plane.  The  free 
aperture  in  flow  direction  is  44  mm.  The  resonator  length  is  0.82  m  with  a  gain  length  of  0.21  m.  The  pumping  system 
consists  of  three  parts:  the  cryogenic  trap,  the  vacuum  system  and  a  scrubber.  The  intention  of  the  cryogenic  trap  is  to 
remove  iodine  and  residual  chlorine  from  the  exhaust  gas  in  order  to  prevent  corrosion  of  the  vacuum  pumps.  The  vacuum 
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system  itself  is  a  three  stage  pumping  system  with  a  capacity  of  16,000  m^/h.  It  consists  of  a  large  roots  stage  on  the  vacuum 
side,  followed  by  three  units  of  a  second  roots  pump  and  a  rotary  valve  pump  in  parallel. 

3.  AUTOMATIC  CONTROL  &  DATA  ACQUISITION 

A  scetch  of  the  main  automatic  control  and  data  acquisition  systems  of  the  COIL  device  is  shown  in  Fig.2.  Several 
sequences  like  BHP  preparation  or  hot  flow  are  controlled  Ity  the  interactive  system  control  Simatic  S5-135U.  It  is  charac¬ 
terized  1^  488  digital  input  and  248  digital  out¬ 
put  channels  as  well  as  ^  104  analog  input/out¬ 
put  channels  at  a  cycle  time  of  about  45  ms. 

Three  graphical  displays  are  installed  on  the  su¬ 
pervisor  desk.  Valve  signals  are  directly  connec¬ 
ted  to  the  S5  system.  Some  of  these  valve  signals, 
as  well  as  all  pressure  and  temperature  values 
and  signals  from  optical  measurements  are  con¬ 
nected  to  the  amplifier  system.  Other  important 
functions  like  safety  and  online  monitoring  of 
pressures  and  temperatures  are  executed  from  the 
supervisor  desk.  The  temperamres  of  important 
subsystems  are  controlled  by  a  separate  thermal 
management  system.  As  an  option  the  valves  of 
the  whole  device  can  be  set  directly  using  the 
manual  valve  control  board.  Its  priority  of  access 
to  the  valve  positions  is  higher  than  that  of  the 
automatic  control  system.  Another  important 
aspect  is  the  graphical  online  monitoring  of 
values  like  molar  flows  of  helium,  chlorine, 
iodine,  singlet  delta  oxygen  and  residual  chlorine 
by  a  special  PC-based  software.  A  data  acquisition 

4.  TYPICAL  PERFORMANCE  DATA 

Fig.  3  shows  the  typical  time  history  of  a  short-run  experiment  with  a  run  time  of  about  7.5  seconds.  Plotted  are  the  molar 
gas  flows  and  the  measured  output  power.  The  chlorine  rate  is  deduced  from  the  sonic  condition  at  the  supply  orifice.  The 
spiking  results  from  switching  conditions.  The  time 
difierence  of  0.7  seconds  between  the  onset  of  the 
chlorine  supply  and  the  residual  chlorine  results 
from  the  flow  time  between  the  chlorine  orifice  and 
the  optical  port  in  the  duct.  The  residual  chlorine  is 
infered  from  the  absorption  signal  of  a  halogen 
lamp  at  330  nm  and  the  local  gas  parameters.  It  is 
cross-checked  by  an  experiment  without  BHP  in 
the  generator.  Singlet  oxygen  is  derived  from 
emission  spectroscopy  at  1.27  ixm,  which  is 
calibrated  1^  the  emission  of  a  piston  light  source. 

The  source  itself  is  calibrated  with  black  body 
radiation.  The  time  evolution  of  the  power  is 
measured  by  a  fast  photodetector  coupled  to  an 
integrating  optical  sphere. 

In  the  present  setup  the  BHP  inside  the  generator  is  only  cooled  by  rather  slow  heat  transfer  to  the  housing.  Therefore  the 
BHP  temperature  increases  as  long  as  chlorine  is  fed  into  the  generator,  leading  to  an  increased  amount  of  water  in  the  flow. 
This  may  explain  the  power  decrease  in  Fig.3.  In  addition  the  ternperamre  increase  also  limits  the  capability  for  long  run 
operation.  Maximum  continuous  run  time  at  baseline  flow  rates  is  aRjroxemately  one  minute. 
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5.  PARAMETRIC  INVESTIGATIONS  OF  UTILIZATION  AND  YIELD 

The  laser  power  is  largely  (tetermined  by  the  efficiency  at  generator  exit  which  is  defined  as  the  product  of  utilization 
([02]/[Cl2]o)  and  yield  ([O2  (*A)]/[02]).  Therefore  attempts  have  been  made  to  characterize  and  optimize  the  generator 
conditions.  For  these  tests  the  iodine  supply  was  disconnected.  The  experimental  results  were  analysed  and  compared  with 
theoretical  models  . 

Fig.4  compares  the  utilization  measured  in  two 
test  series  with  different  BHP  molarities,  i.e. 
standard  molarity  BHP  with  6.5  mol/1  02H‘  at  a  3.1 
mol/1  excess  of  peroxide  and  high  molarity  BHP 
with  7.2  mol/1 02H". 

All  single  tests  were  performed  with  a  molar 
chlorine  gas  flow  of  0.55  mol/s  and  a  molar  helium 
flow  of  1.6  mol/s  at  a  BHP  starting  temperature  of 
about  -20°C  and  a  disk  rotation  speed  of  24  rpm. 

The  run  time  was  limited  to  three  disk  re\^olutions 
or  7.5  seconds. 

The  initial  spike  of  the  utilization  in  the  diagrams 
of  Fig.4  is  an  artifact  due  to  flow  time  as  discussed 
above.  Therefore,  the  calculated  utilization  is  not 
reliable  for  the  first  0.7  seconds.  At  the  standard 
starting  condition  of  6.5  mol/1  O2H"  the  utilization 
decreases  continuously  during  the  hot  run.  The 
decrease  is  even  stronger  if  some  salt  (1.2  mol/1) 
has  alreacfy  accumulated  In  comparison,  the  high 
molarity  BHP  of  7.2  mol/1  02H“  provides  a  higher 
and  more  stable  utilization  without  and  with  salt 
accumulation.  Thus,  stable  and  reproducible  laser  operation  is  obtained.  The  experimental  results  may  be  explained  as 
follows:  For  the  high  molarity  BHP  the  oxygen  prochiction  is  reaction  limited  while  for  lower  molarities  it  is  limited  b>^ 
02H“  diflusion  ^ 

The  second  important  parameter  describing  the  generator  efficiency  is  the  generator  exit  yield  Experimental  results  are 
displayed  in  Fig.5  as  a  fimction  of  the  diluent  ratio  of  He/Cl2,  while  the  molar  gas  flow  of  chlorine  is  fixed  to  0.5  mol/s.  The 
increase  of  the  helium  diluent  results  in  an 
enhanced  flow  velocity  and  thereby  in  a  reduced 
residence  time  for  the  excited  oxygen  in  the  sys¬ 
tem.  Assuming  that  pooling  is  the  most  important 
loss  mechanism  for  02(^A)  the  yield  will  increase 
accordingly.  A  fiirther  decrease  of  the  singlet  delta 
residence  time  was  obtained  by  reducing  the  duct 
volume  by  18%  and  in  a  second  step  reducing 
the  generator  gas  volume  by  another  7%.  As  a 
consequence  the  yield  increased  by  about  40%  for 
the  base  line  flow  (He/Cl2  “  3)  and  by  more  than 
20%  for  higher  molar  helium  flows. 


Using  the  available  theoretical  models  we  have 
calculated  the  detachment  yield  (90%)  and  the 
pooling  losses  at  different  locations  of  the  laser 
system,  using  an  effective  rate  constant  kp  =  6. 1  x 
10'^^  cmVmolecule  sec  We  assume  that  excited 
oxygen  is  produced  homogeneously  over  the  disk  package.  Therefore  pooling  losses  in  the  disk  package  can  be  attributed  to 
one  half  of  the  gas  volume  between  the  plates.  The  remaining  volume  up  to  the  optical  port  is  divided  into  three  parts:  the 
gas  volume  from  the  end  of  the  disk  plates  to  the  generator  exit,  the  gas  volume  of  the  liquid  separator,  and  finally  the  duct 
volume  up  to  the  optical  port.  The  results  of  the  calculation  at  the  end  of  each  subvolume  are  plotted  in  Fig.6.  The  highest 
losses  arise  within  the  disk  package  with  a  decreasing  significance  at  higher  diluent  ratios. 


Fig.5  :  Yield  increase  by  volume  reduction 
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Fig.4  :  Time  evolution  of  utilization 


708 


For  comparison  the  measured  yield  is  also 
shown  in  Fig.6,  The  values  are  distinaly  lower 
than  the  calculated  results  a  constant  factor  of 
1.6. 

In  a  different  investigation  the  increase  of  the 
gas  flow  energy  between  the  generator  and  the 
optical  port  in  the  duct  was  calculated  from  the 
measured  temperature  increase  between  both 
positions.  This  temperature  increase  corresponds 
with  the  calculated  pooling  losses,  but  it  cannot 
oq^lain  a  singlet  delta  loss  from  the  assumed 
detachment  yield  to  tlie  measured  yield.  According 
to  a  model  calculation  a  higher  yield  should  also 
lead  to  a  much  higher  laser  power  than  measured. 


6.  CONCLUSIONS 

We  have  demonstrated  the  successful  operation  of  a  supersonic  COIL  with  a  reproducible  output  power  exceeding  5  KW 
and  operation  times  up  to  one  minute.  The  ejqjerimental  investigations  showed  that  a  high  and  stable  utilization  demands  a 
high  molarity  of  the  02ir  in  the  BHP  and  that  the  reduction  of  generator  and  duct  volume  leads  to  a  higher  yield.  The 
optimization  of  utilization  and  yield  resulted  in  a  measured  increase  of  the  generator  exit  efficiency  from  26%  to  42%  for  a 
fresh  BHP.  There  remains  an  uncertainty  factor  of  1.6  between  calculated  and  measured  yield.  This  major  discrepancy 
requires  further  investigations. 
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Keith  A.  Truesdell,  and  Gordon  D.  Hager 


Abstract-  -This  paper  presents  the  results  of  the  first  mode  locking  experiments  on  a  supersonic  Chemical 
Oxygen  Iodine  Laser  (COIL).  Mode  locking  has  been  achieved  using  an  acousto-optic  modulator  (AOM) 
and  lasing  demonstrated  on  the  TEMoo  modes  with  a  small  intracavity  aperture,  A  DC  magnetic  field  was 
used  increase  the  number  of  axial  modes  and  a  peak  power  of  2,5  kW  has  been  reached  with  a  pulse  width 
of  2, 1  ns  at  a  repetition  rate  of  43.68  MHz. 


I.  INTRODUCTION 

Photolytic  iodine  lasers  have  been  mode  locked  at  Alkyl-iodide  pressures  above  80  torr  [1]. 
Recent  experiments  by  Tate  et  al.  using  axial  pumping  to  photolyze  CF3I  report  mode  locking  at  pressure 
of  1-30  torr  [2].  Successful  mode  locking  of  a  pulsed  low-pressure  photolytic  iodine  laser  suggested  that 
mode  locking  could  also  be  demonstrated  on  a  low-pressure  cw  supersonic  Chemical  Oxygen  Iodine  Laser 
(COIL)  operating  at  a  cavity  pressure  of  7  torr. 


II.  EXPERIMENT 

The  mode  locking  experiments  were  conducted  at  the  USAF  Phillips  Laboratory  on  a  5-kW  class 
supersonic  COIL  (RADICL)  using  a  rotating-disk  oxygen  generator  coupled  to  a  Mach-2  single-slit 
supersonic  nozzle.  A  general  description  of  the  RADICL  laser  has  been  given  elsewhere  [3].  The  laser’s 
standing-wave  stable  resonator  was  housed  in  mirror  boxes  attached  to  the  laser  body.  Resonator  optics 
inside  the  boxes  rested  on  floating  tables  to  reduce  vibration  from  the  ground  and  nearby  laser  hardware. 
Figure  1  shows  a  diagram  of  the  experimental  setup. 


Figure  1.  Overall  experimental  set-up  and  resonator  parameters  for  the  mode-locking 

experiment. 
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Gas  pressures  in  the  resonator  were  typically  less  than  10  torr  so  that  Doppler  broadening  was  the 
dominant  line-broadening  mechanism.  During  the  experiment  the  Doppler-broadened  line  width  was  180 
MHz  and  the  pressure  -broadened  line  width  was  60  MHz  (based  on  flow  conditions  given  in  Table  1). 

The  resulting  Voigt  line  shape  has  a  FWHM  width  of  230  MHz. 


Table  1.  Flow  Rate  and  Cavity  Conditions 


-  Flow  Rates 

Cl, 

0.52  mol/s 

Clj  utilization  j 

92.6% 

I: 

8.7  mmol/s 

He  (primary) 

2.04  mol/s 

He  (secondary) 

1.10  mol/s 

HjO' 

73  mmol/s 

Cavity  Conditions 


Temperamre^ 

170  K 

Pressure 

7.7  torr 

Pressure  Broadening  Coefficient 

7.74 

MHz/torr 

lolcubt^VlhM 

A  linear  positioning  cell  and  a  diode  laser  operating  at  1.3 15  microns  were  used  to  align  the  RADICL 
resonator  with  an  intracavity  acousto-optic  modulator  (AOM),  Final  alignment  with  an  intracavity  AOM 
is  typically  performed  while  the  laser  is  running.  A  small  circular  aperture  placed  in  front  of  the  AOM 
restricting  lasing  to  TEMqo  modes.  Figure  2  shows  the  arrangement  used  to  measure  power  and  gauge 
the  number  of  oscillating  modes.  A  known  fraction  of  the  COIL  beam  was  sent  to  an  imcoated  fused  silica 
window  where  Fresnel  reflections  off  the  front  and  back  surfaces  were  directed  into  a  20-kHz  bandwidth 
germanium  detector  and  a  100- Joule  calorimeter  respectively.  The  calorimeter  measured  total  energy 
delivered  while  the  germanium  detector  traced  relative  power  as  a  hmction  of  time.  A  1-GHz  bandwidth 
InGaAs  detector  was  used  to  register  mode  beats.  The  detector’s  signals  were  recorded  by  a  2- 
Gigasample/s,  1-GHz  bandwidth  digitizing  oscilloscope.  Fast  Fourier  transforms  (FFTs)  of  the  data 
revealed  the  mode  beat  frequencies,  allowing  one  to  infer  the  number  and  spacing  of  resonator  modes. 

To  increase  the  number  of  axial  modes,  a  180  gauss  DC  magnetic  field  was  applied  to  the  gain  region  [4]. 
The  field  broadened  the  gain  by  weakly  splitting  the  zeeman  components  of  the  1(^Pi/2)f=3  to  I(^P3/2)f“  a 
hyperfine  transition. 


Integrating  Sphere  and 


Oscilloscope 


Figure  2.  Experimental  set-up  for  measuring  power  and  modes. 


Figure  3  shows  mode-locked  pulses  when  the  7. 1  mm  diameter  aperture  was  in  place.  Peak  pulse 
powers  of  2  kW  and  FWHM  pulse  width  of  2.4  ns  were  measured.  The  measured  pulse  width  was  1.5 
times  the  predicted  transform-limited  value  derived  when  one  assumes  the  mode  intensities  fall  under  a 
Gaussian  envelope  [5].  The  frequency  bandwidth  used  to  predict  pulse  widths  was  the  product  of  the 
number  of  modes  counted  and  the  axial  mode  spacing.  The  EFT  in  Figure  4  shows  the  presence  of  10 
axial  and  1  transverse  mode. 


Time  (ns) 


Figure  3.  Mode-locked  pulses  from  the  7. 1mm  diameter  aperture.  A  180-Gauss  magnetic  field  was 

applied. 
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Figure  4.  FFT  of  the  signal  in  Figure  3.10  axial  and  1  transverse  mode  are  present. 


Figure  5  shows  mode-locked  pulses  for  the  10. 1  mm  aperture  case.  Measured  pulse  width  were  2. 1  ns, 
again  1.5  times  the  predicted  value.  The  larger  aperture  increased  peak  powers  to  2.5  kW  and  allowed  a 
second  transverse  mode  to  lase  (see  the  FFT  in  Figure  6).  The  oscillation  in  the  pulse  train  envelope  in 
Figure  5  is  the  result  of  this  second  transverse  mode. 


Figure  5,  Mode-locked  pulses  from  the  10.1mm  diameter  aperture.  A  180-Gauss  magnetic  field  was 

applied. 
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1.0 


Figure  6.  FFt  of  the  signal  in  Figure  5.12  axial  and  transverse  modes  are  present. 


IV.  Summary 

A  small  intracavity  aperture  was  used  to  confine  lasing  to  TEMoo  mode  operation  on  a  5-kW 
class  supersonic  Chemical  Oxygen  Iodine  Laser.  By  applying  a  180-Gauss  DC  magnetic  field  and 
inserting  an  acousto-optic  modulator,  mode-locked  pulses  with  2.5  kW  peak  power  and  a  2.1  ns  width 
were  achieved  representing  a  factor  of  10  increase  in  peak  power  over  cw  power  for  the  same  aperture 
size.  This  is  the  first  demonstration  of  mode-locking  on  a  COIL. 
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ABSTRACT 

We  proposed  a  new  unstable  resonator,  in  wliich  forvvrad-mode  and  backward-mode  coupled  each  other,  for  low  gain  large  bore 
laser  media  such  as  COIL.  The  calculations  showed  that  the  new  unstable  resonator  can  be  useful  for  COIL,  which  does  not 
oscillate  with  the  usual  unstable  resonators.  The  parameters  of  the  resonator  for  the  best  perfoimance  are  also  gotten  for  COIL 
and  CO2  laser  medium. 

Keywords:  chemical  laser  (COIL),  new  unstable  resonator,  Fresnel -Kirchhoff  integration  equation 

LINTRODUCTION 

Many  types  of  the  optical  resonators  have  been  proposed  since  Shawlow  and  TovNmes  proposed  to  use  Fabry-perot 
interferometer  as  an  optical  resonator,  and  almost  of  them  are  categorized  into  two  t^q^es,  that  is,  the  stable  resonator  and  the 
unstable  one.  Stable  resonators  are  usually  used  for  many  lasers,  because  they  can  be  used  for  any  type  of  laser  medium  and 
easy  to  oscillate.  However,  because  the  diameter  of  fundamental  mode  is  nallow,  they  oscillate  in  multi-modes  in  the  large  bore 
laser  and  the  focusibility  is  not  good.  So  stable  resonator  is  not  suitable  for  large  bore  lasers. 

On  the  other  hand,  unstable  resonators'^’^^’^^  can  have  large  volume  and  oscillate  in  single-like  mode,  so  can  be  used  for  large 
volume  laser  such  as  industrial  high  power  lasers.  But  the  output  of  the  unstable  resonators  is  ring-shaped  and  the  large  amount 
of  the  energy  are  spread  out  into  the  side  lobe  in  the  far  field  pattern.  And  also  the  high-gain  is  necessary  for  the  oscillation, 
so  it  should  be  difficult  to  use  for  low-gain  laser  bore  medium  such  as  the  chemically  pumped  oxgen-iodine  laser  (COIL). 

So  we  proposed  new  unstable  resonator,  in  which  these  disadvantages  are  improved,  and  showed  that  COIL  can  oscillate  for 
with  it.  And  now  we  need  to  obtain  a  optimum  conditions  of  configuration  of  the  resonator,  so  caluculated  the  characteristics 
of  the  new  resonator,  changing  the-parameters  to  obtain  the  .suitable  condition. 

2.CALCULATION 

a)  RESONATOR  CONFIGURATION 

In  Fig.l,  we  shows  schematically  the  resonator  configurations.  Fig.l  (a)  is  tlie  positive-branch  confocal  unstable  resonator 
prposed  by  Siegman'*^.  The  output  beam  is  ring-shaped  because  the  beam  is  exti'acted  around  the  edge  of  the  M^  mirror  as  the 
diffi'action  loss.  The  improved  resonator  is  shown  in  Fig.  1  (b).  The  diffracted  beam  is  reflected  back  to  the  opposite  direction 
in  the  resonator  by  the  plane  mirror,  so  the  forward  mode  are  coupled  with  the  backward  mode  of  the  resonator.  As  the  result, 
the  optical  path  length  in  the  resonator  is  nearly  twice  of  that  in  the  normal  unstable  resonator,  and  the  output  is  taken  out  from 
a  hole  at  the  center  of  the  concave  mirror.  By  this  improvement,  ffie  non-ring  shaped  beam  can  be  extracted  from  the  center 
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(a)  I'OSIllve  CONFORCAL  UKSTARLE  RESONATOR 


hole  after  full  amplification,  and  the  low-gain  lasers  can  oscillate  in  a  non-ring-shaped  mode. 

b)  CALCULATION 

The  beam  patterns  in  tlie  resonator  was  caluculated  using  Fresnel-Kirchhoff 
integration  equation.  This  was  showed  by  Fox  and  Li^^  at  tlie  first  time  to 
caluculate  the  beam  patterns  in  the  resonator  by  the  iterative  computer 
caluculation  of  Fresnel-Kirchhoff  integration  equation.  The  iterative  computer 
caluculation  is  easier,  but  the  higher  order  modes  cannot  be  separated  with 
this  analysis.  The  higher-order  modes  can  be  anal}^ed  by  tlie  fast  Fourier 
transform  method(FFT),  but  tJie  caluculations  are  rather  complicated  and  the 
cost  of  the  working  time  for  the  computer  is  expensive.  In  addition,  the 
resonator  with  laser  medium  is  difficult  to  anal}^e  by  this  method,  because  the 
modes  couple  each  other  in  tlie  laser  medium.  In  any  laser  medium,  especially 
in  the  high-power  laser,  the  distributions  of  gain,  reflective  indexes,  etc.  are 
not  uniform  and  fluctuating,  and  the  precise  comparison  between  the  analysis 
and  the  experiment  is  veiy  difficult.  So  w'e  do  not  need  to  persuade  the 
complicated  caluculation  such  as  FFT  method. 

In  caluculation,  we  defined  the  magnification  M=aj/a2,where  Qj  and  a^  ai*e  the 
radius  of  cocave  and  convex  mimors,  and  the  ratio  of  output  hole  wath  the 
concave  mirror  diameter  as  K=h/aj.  The  calculation  were  carried  out  by 
changing  the  three  pai*ameters  K,  M,  and  Fresnel  number  NQ=ajVXL  for  COIL  (1 .32|un)  as  low  gain  laser,  and  CO^  (10.6pm) 
as  medium  gain  laser.  We  assumed  that  all  laser  medium  were  in  thin  sheets  near  tlie  resonator  min’ors  because  of  the  simple 
caluculation. 


Fig  1  Resonator  Configuration 


3.THE  RESULT  OF  THE  CALCULATION 


a)  COIL 

We  asuumed  in  the  case  of  COIL  with 
sub  sonic  gas  flow,  the  small  signal 
gain  go  and  the  saturation  parameter  I, 
are  taken  to  be  0.2  %/cm  and 
5.0kW/cm^  as  example.  The  resonator 
length  is  taken  to  be  Im  which  is 
normal  size  for  industrial  lasers.  The 
caluculation  were  cairiedout  by  changing 
K  and  M  value.  The  output  power  and 
intemaly  stored  power  changing  K  value 
are  shown  in  Fig. 2  for  the  case  of 
No=15.0  with  M=l. 2-2.0.  The  output 
power  have  a  peak  for  K,  so  the 
optimum  K  value  exist  for  a  given  Nq. 
And  the  output  power  also  have  a  peak 
for  M  as  shown  in  Fig. 3.  So  the 


K 

Fig  2  OulpLil  and  inti.'rnally  stored  power  versus 
for  various  M  value  in  COIL  laser  with  N(j=15  0 


M 

Fig  3  Output  and  intenally  stored  power  versus  M 
in  COIL  laser  with  N(j=l5  0 
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suitable  resonator  condition  are  determined  by  K  and  M  for  a  given  N^. 

The  near-field  beam  profile  (a),  near-field  phase  distribution  (,b)  relative  distance  x/h,  the  far-field  beam  profile  (c),  the  cumulative 
power  (d)  versus  relative  beam  angle  e/0£,(e(,=Xy2a,)  at  K=0  5  and  M=1 .2  is  shov\m  m  Fig.4  at  which  condition  0.3kw  is  gotten. 
The  far-field  beam  pattern  are  not  uniform  but  if  K  is  taken  to  be  small.  Gaussian-like  beam  profile  can  be  taken  out,  though 
the  extracted  power  is  rather  lower,  as  shown  in  Fig. 5. 


(c)  (<J) 


Fig  4  (a)  Near-fietd  inicnsity  distributions, (b)  phase  distributions, 
(c)  far-field  inlesity  distributions, (d)  encircled  power  distributions 
for  resonators  with  Nq='1  5  0,M=2  0.K=0  5 


Fig  5  (a)  Near-field  intensity  distribution, (b)phase  distributions, 
(c)  far-fieid  intensity  distributions, {d)encircled  power  distributions 
for  resonator  with  0,M=1  3,K=0,20 


b)  CO,  LASER 

For  CO,  laser,  the  small  signal  gam  go  and  tlie  saturation  intensity  are 
taken  to  be  1  0%/cm  and  lkW/cm^  We  assumed  the  resonator  length 
to  be  0.74m  and  filing  factor  at  49%,  which  is  the  ratio  of  resonator  and 
electrode  length.  The  caluculation  were  carred  out  for  CO,  laser  with 
M=1 .2-2.0  changing  K.  The  output  power  and  the  stored  power  for  CO, 
laser  are  shown  in  Fig. 6  for  the  case  of  No=l  8.4.  The  peak  power,  where 
the  expected  maximum  power  is  about  IkW,  is  taken  with  K=0.55  and 
M=1.2  in  this  case,  and  the  near-field  beam  profile  (a),  near-field  phase 
distribution  (b)  versus  relative  distance  x/h  which  were  obtained  at  the 
output  hole,  and  far-field  beam  profile  (c),  cumulative  power  (d)  versus 
relative  beam  angle  0/0Q(0Q->v/2a|)  are  shown  in  Fig.7.  And  the  peak 
power  is  rather  lower  to  be  O.SkW,  Gaussian-like  beam  profile  can  be 
taken  out  at  K=0.2  and  M=2.0  as  shown  in  Fig.8. 


- M=1  2 

- M’l  4 

. 5 

- M=2  0 


Fig  6  Output  and  internally  stored  power  versus  K 
for  various  M  value  in  COj  laser  with  Nq=18  A 


(a)  (b) 


Fig  7  (a)  Near-field  mlenslty  d(Stribufions.(b)  phase  distributions, 
(c)  far-fie!d  inlesily  distributions, (d)  encircled  power  distributions 
for  resonators  with  Ng=i8  ‘t,M=1.2,K=0,55 


(i/0,  0/0, 

Fig  8  (a)  Near-field  intensity  distribution, (b)  phase  distribution, 
(c)  far*field  intesity  distribution.fd)  encircled  power  distribution 
for  resonator  with  Nq=18  4,M=2  0.K=0  25 


4.  CONCLUSION 

This  resonator  is  clearly  shov\Ti  to  be  effective  for  low  gain  large  bore  laser  such  as  COIL,  which  can  not  oscillate  with  usual 
unstable  resonator,  because  of  full  amplification  by  foPA^ard-inode  coupled  with  back- ward  mode,  and  we  find  the  foctoes  for 
the  best  performance  of  the  aperture  are  shown  as  functions  ot  K  and  M  for  Nq.  We  ai'e  now  preparing  the  expreiment  in  the 
best  performance  condition. 
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Abstract 

This  paper  examines  the  use  of  Chemical  Oxygen-Iodine  Laser  (COIL)  for  depositing  ceramic  coating  on  a  substrate. 
The  cladding  experiments  were  conducted  in  the  environment  of  nitrogen  gas,  and  the  laser  beam  was  focused  to  a 
rectangular  spot  with  large  aspect  (length  to  width)  ratio.  The  beam  was  scanned  by  keeping  the  length  of  the  spot 
aligned  to  the  transverse  direction.  Optical  micrographs  are  presented  for  the  morphology  of  the  clad  surface  and  the 
cross  section  of  the  cladding  zone. 

Keywords:  chemical  oxygen-iodine  laser,  COIL,  laser  cladding,  ceramic  coating,  stainless  steel  substrate,  zirconium 
oxide  (ZrOz)  and  aluminum  (Al)  coating,  thermal  barrier  coating,  high  temperature  coating. 


Introduction 

CO2  and  Nd:YAG  lasers  are  used  extensively  for  various  types  of  materials  processing.  The  Chemical  Oxygen- 
Iodine  Laser  (COIL)  is  of  wavelength  1.315  mm  with  a  very  high  output  power  which  makes  it  suitable  for 
materials  processing.  The  principles  of  COIL  have  been  discussed  briefly  by  Kar  et  al.^  Atsuta,  et  al.  used  COIL  to 
cut  stainless  steel  up  to  5  mm  thick,  and  reported  that  the  cutting  capability  of  a  1  kW  COIL  is  equivalent  to  a  1 
kW  Nd:YAG  laser  and  about  2.5  times  better  than  a  1  kW  CO2  laser.  This  improved  cutting  performance  of  COIL 
can  be  explained  by  noting  that  the  absorptivity  for  COIL  is  larger  than  that  for  CO2  laser  because  of  the  shorter 
wavelength  of  the  former  laser  than  the  latter.  This  means  that  COIL  is  expected  to  have  improved  performance  for 
other  types  of  laser  materials  processing. 

The  ability  of  a  laser  beam  to  induce  localized  heating  is  utilized  extensively  to  perform  various  types  of 
materials  processing.  However,  a  large  area  of  the  substrate  surface  can  be  melted  in  a  single  pass  of  a  scanning  laser 
beam  of  very  high  power.  For  instance,  a  10  kW  laser  beam  with  a  rectangular  spot  of  size  10  mm  x  1  mm  gives 
rise  to  an  intensity  of  10^  W/cm^  that  can  be  used  to  produce  a  melt  pool  of  width  10  mm  in  a  single  pass  of  the 
laser  beam.  Therefore,  high  power  lasers  can  be  used  for  large-area  processing  such  as  laser  hardening,  surface 
alloying,  thin  film  deposition,  coating,  cladding  and  materials  removal.  This  paper  presents  some  results 
concerning  large-area  cladding  of  substrates  using  ceramic  powders. 

Laser  cladding  is  used  to  improve  the  oxidation,  corrosion  and  wear  resistant  properties  of  a  an  engine  part 
or  any  other  structure.  This  technology  provides  a  means  of  utilizing  inexpensive  materials  for  high  temperature 
applications  such  as  aircraft  engines  by  depositing  materials  of  improved  properties  on  the  workpiece.  Due  to  rapid 
cooling  inherent  in  laser  materials  processing,  the  molten  clad  material  solidifies  rapidly  leading  to  the  formation 
nonequilibrium  alloys  with  metastable  microstructures.  These  novel  microstructures  enhance  the  properties  of  the 
clad  material. 

Kar  and  mazumder^’"*’^’^  studied  the  formation  of  nonequilibrium  alloys  during  laser  cladding.  Singh  and 
Mazumder’  investigated  the  increase  in  solid  solubility  of  the  reactive  element  Hf  in  the  binary  alloy  of  Ni-Hf  which 
was  obtained  by  cladding  a  nickel-based  superalloy  substrate  with  a  power  mixture  of  Ni  and  Hf.  Weerasinghe  and 
Steen^  used  a  powder  delivery  system  and  a  reflective  dome  near  the  cladding  zone  to  carry  out  laser  cladding,  and 
claimed  that  the  reflective  dome  recovers  40%  of  the  delivered  power.  Yang  et  al.^  performed  large-area  cladding  by 
using  NiCrSiB  as  the  cladding  power,  and  showed  that  1 .3  cm,  4  cm  and  5  cm  wide  cladding  can  be  achieved  in  a 
single  pass  of  the  scanning  laser  beam  for  laser  power  and  scanning  velocity  of  1.68  kW  and  2.5  mm/s,  7  kW  and  3 
mm/s,  and  7.5  kW  and  2.5  mm/s,  respectively.  Besides  metal  cladding,  ceramic  coatings  are  also  applied  to 
improve  the  surface  properties  of  the  workpiece.  Thermal  barrier  coating,  which  is  a  duplex  layer  consisting  of  a 
MCrAlY  (M  =  Ni  or  Co)  bond  coat  and  a  partially  stabilized  zirconia  coating,  is  applied  to  the  low  risk  regions  in 
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the  turbine  section  of  certain  aircraft  engines  by  using  the  plasma  spraying  or  physical  vapor  deposition  technique 
Jasim  et  al.^^  examined  the  structure  of  laser-cladded  zirconia  on  mild  steel,  and  found  distinct  regions  of  different 
crystal  sizes.  Gassmann  et  al.^"*  produced  thick  coatings  of  7%  yttria-stabilized  zirconia  on  metals  as  well  as 
composite  materials  containing  up  to  45  vol%  high-melting-point  carbides  within  a  metal  matrix.  Gassmann  and 
Modest*^  investigated  the  laser  cladding  of  partially  yttria-stabilized  zirconia  on  titanium,  nickel  and  steel  alloy 
substrates.  This  paper  is  concerned  with  the  experimental  studies  of  cladding  stainless  steel  substrates  with 
ceramics  using  COIL. 


Experimental  procedure 

Laser  cladding  experiments  were  conducted  using  the  RADICL  (Research  Assessment,  Device  Improvement 
Chemical  Laser)  device  located  at  the  U.S.  Air  Force’s  Phillips  Laboratory  in  Albuquerque,  New  Mexico.  The 
output  laser  beam  of  this  device  was  focused  into  a  rectangular  spot  of  length  and  width  4  mm  and  1  mm 
respectively  on  the  surface  of  preplaced  cladding  powder  mixture.  For  all  experiments,  stainless  steel  substrates  of 
dimension  87  mm  x  49  mm  x  6.5  mm  were  used  and  the  mixture  of  Zr02  and  A1  cladding  powder  was  preplaced 
on  the  substrate  in  the  form  of  a  rectangular  layer  of  dimension  25  mm  x  4  mm  x  2  mm.  The  compositions  of  Zr02 
and  A1  are  specified  in  Figs.  1  -  4.  The  substrate  with  this  cladding  powder  mixture  was  placed  on  a  translation 
stage  that  was  moved  at  a  speed  of  0.5  cm/s  relative  to  the  laser  beam  for  all  experiments.  The  laser  beam  was  kept 
stationary  and  it  was  so  aligned  that  the  length  of  the  spot  was  in  the  transverse  direction.  The  experiments  were 
conducted  in  the  environment  of  N2  gas  whose  pressure  was  slightly  above  1  atm. 


Results  and  discussion 

Ceramic  coatings  were  deposited  on  stainless  steel  substrates  by  carrying  out  experiments  under  the  above- 
mentioned  conditions.  Optical  micrographs  for  two  coatings  are  presented  in  Figs.  1  -  4.  Figures  1  and  2  represent 
results  for  the  incident  laser  power  4.65  kW  and  a  cladding  powder  mixture  of  nominal  composition  95.08  wt% 
Zr02  and  4.92  wt%  Al.  Figures  3  and  4  are  for  the  incident  laser  power  4.72  kW  and  a  cladding  powder  mixture  of 
nominal  composition  80.04  wt%  Zr02  and  19.96  wt%  Al.  Figure  1  shows  fish-scale-like  morphology  while  Figure 
3  shows  relatively  smoother  texture  although  it  has  a  few  cracks.  The  smooth  texture  in  Fig.  3  may  due  to 
excessive  Al  that  melts  and  redistributes  in  the  clad  melt  pool  and  provides  a  binding  mechanism  for  the  ceramic 
grains.  However,  the  presence  of  the  cracks,  which  may  be  due  to  thermal  and  metallurgical  transformation  stresses, 
is  unknown  at  present.  Further  studies  are  needed  to  understand  the  effects  of  the  Al  content  on  the  surface 
morphology  and  cracks. 

Figures  2  and  4  show  the  cross  section  of  the  clad,  clad-substrate  interface  and  the  substrate  melt  pool.  The 
sharp  clad-substrate  interfaces  in  these  two  micrographs  indicate  that  the  substrates  are  diluted  veiy  little  by  the 
ceramic  cladding  material.  This  means  that  the  properties  of  the  substrate  will  be  unaffected  by  the  cladding  material 
due  to  ceramic  coating.  However,  the  size  of  the  substrate  melt  pool  is  fairly  large.  This  is  because  the  ceramic 
powder  has  higher  melting  temperature  than  the  stainless  substrate  and  therefore,  a  large  amount  of  heat  is  lost  to  the 
substrate  during  the  melting  and  solidification  of  the  cladding  material.  Large  melt  pool  in  the  substrate  can  alter 
the  substrate  properties  near  the  clad-substrate  interface  due  to  rapid  heating  and  cooling  of  the  fusion  zone.  Further 
studies  are  needed  to  minimize  the  change  in  substrate  properties  near  the  clad-substrate  interface. 


Conclusions 

Results  are  presented  for  the  cladding  of  stainless  steel  substrates  with  ceramics  using  COIL.  Low  Al  content 
in  the  initial  cladding  powder  mixture  produces  crack-free  coating  with  fish-scale-like  surface  morphology.  High  Al 
content  in  the  initial  cladding  powder  mixture  produces  relatively  smooth  surface  but  the  surface  has  a  few  cracks. 
The  dilution  of  the  substrate  by  the  cladding  powder  mixture  is  found  to  be  very  little.  Further  studies  are  needed 
to  understand  the  effects  of  Al  on  the  surface  morphology  and  cracks.  Also,  oxidation  tests  are  needed  to  determine 
the  improvement  in  the  oxidation-resistant  properties  of  the  substrate. 
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Figure  1.  Surface  morphology  of  a  laser  ceramic  clad. 
Magnifucation:  25.  Cladding  mixture:  95.08%  Zr02 
and  4.92  %  Al  by  wt.  Substrate:  Stainless  steel. 

Laser  parameters:  Incident  power  =  4.65  kW,  Scanning 
speed  =  0.5  cm/s,  4  mm  x  1  mm  rectangular  spot. 


Figure  3.  Surface  morphology  of  a  laser  ceramic  clad 
Magnifucation:  35.  Cladding  mixture:  80.04%  Zr02 
and  19.96  %  Al  by  wt.  Substrate:  Stainless  steel. 
Laser  parameters:  Incident  power  =  4.72  kW,  Scanning 
speed  =  0.5  cm/s,  4  mm  x  1  mm  rectangular  spot. 


Figure  2.  Cross  sectional  view  of  the  ceramic  clad, 
clad-substrate  interface  and  substrate  melt  pool. 
Magnifucation:  18.  Cladding  mixture:  95.08%  Zr02 
and  4.92  %  Al  by  wt.  Substrate:  Stainless  steel. 

Laser  parameters:  Incident  power  =  4.65  kW,  Scanning 
speed  “  0.5  cm/s,  4  mm  x  1  mm  rectangular  spot. 


Figure  4.  Cross  sectional  view  of  the  ceramic  clad, 
clad-substrate  interface  and  substrate  melt  pool. 
Magnifucation:  18.  Cladding  mixture:  80.04%  Zr02 
and  19.96  %  Al  by  wt.  Substrate:  Stainless  steel. 
Laser  parameters:  Incident  power  =  4.72  kW,  Scanning 
speed  =  0.5  cm/s,  4  mm  x  1  mm  rectangular  spot. 
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ABSTRACT 

This  work  evaluates  the  prospects  of  developing  a  chemical  oxygen-iodine  laser  which  could  be  used  for  cutting,  welding,  and 
other  material  processing  applications  that  can  benefit  from  a  high-power,  high-brightness,  fiber-delivered  laser  beam.  It 
shows  how  application-specific  requirements  drive  the  technological  and  economic  considerations  of  the  iodine  laser. 

Keywords:  COIL,  iodine  laser,  industrial  laser,  chemical  laser 

1.  INTRODUCTION 

It  is  well  known  that  the  chemical  oxygen-iodine  laser  (COIL)  has  the  capability  of  delivering  high  power  output  with 
excellent  beam  quality  [1,2].  At  the  1.315  p.m  wavelength,  the  COIL  beam  is  compatible  with  optical  fibers  and  can  be 
efficiently  delivered  to  remote  application  areas  [3].  These  characteristics  make  COIL  a  candidate  for  a  variety  of  industrial 
applications  in  material  processing,  where  high  power,  high-brightness,  and  delivery  by  optical  fiber  can  provide  economic 
and/or  technological  advantages  over  existing  industrial  lasers  such  as  CO2  and  Nd:YAG.  Although  COIL  has  been  the 
subject  of  laboratory  investigation  and  technology  development  for  almost  two  decades,  much  of  that  effort  was  motivated  by 
high  energy  laser  weapons  rather  than  industrial  applications  [4].  Key  challenges  to  an  industrial  COIL  were  its  dependence 
on  chemical  fuel,  difficulty  of  integration  into  industrial  operations,  and  economic  considerations.  In  recent  years,  as  COIL 
and  related  laser  technologies  have  become  more  mature,  the  prospects  for  an  industrial  COIL  are  becoming  brighter, 

2.  TRENDS  IN  INDUSTRIAL  HIGH-POWER  LASERS:  CASE  FOR  HIGH-BRIGHTNESS 

Use  of  high-power  lasers  in  material  processing,  namely  metal  cutting  and  welding,  is  enjoying  rapid  growth  [5,6],  Figure  1. 
Introduction  of  lasers  thus  far  has  been  due  primarily  to  a  technology  push  which  offered  better  tools  for  traditional 
applications.  Now  that  lasers  are  accepted  as  standard  manufacturing  equipment  and  new  applications  start  to  emerge,  this 
environment  is  changing  to  a  market  pull  characterized  by  an  increasing  demand  for  laser  systems  engineered  to  meet  specific 
material  processing  needs  [7]. 

The  key  requirements  for  industrial  lasers  are  economy,  process  quality,  system  reliability,  and  easy  integration  into 
manufacturing  operations  [5].  In  particular,  economy  of  operation  is  sought  through  increased  device  utilization  by  time 
sharing  and  beam  splitting  [8].  Figure  2  shows  how  material  processing  needs  are  translated  into  laser  requirements,  namely 
high-power,  good  beam  quality,  and  beam  delivery  via  optical  fibers.  Process  quality  is  reflected  in  a  small  heat  affected  zone, 
in  the  continuity  and  penetration  consistency  of  welds,  and  precision  cutting  that  produces  clean  edges,  Figure  3.  Reliability 
becomes  an  extremely  important  factor  on  production  lines  where  a  laser  system  failure  can  cause  costly  downtime. 

Often,  the  laser  application  workstation  is  part  of  a  production  process  in  which  floor  space  is  at  a  premium  and  the  laser 
beam  is  preferably  generated  at  another  location  and  remotely  delivered.  The  requirement  for  remote  delivery  and  timesharing 
is  conveniently  met  with  a  laser  beam  that  can  be  delivered  through  optical  fibers.  Flexibility  in  remote  delivery  is 
particularly  critical  where  the  production  process  configuration  changes  frequently,  such  as  in  the  flexible  manufacturing 
concept.  In  addition,  high-brightness  lasers  are  also  critical  to  certain  emerging  applications  such  as  aluminum  cutting  and 
welding,  thick  section  cutting  for  dismantlement  of  nuclear  installations  [9],  laser  driven  x-ray  lithography  [10],  and  pulsed 
laser  deposition  [11].  Aluminum  cutting  and  welding  by  lasers  is  especially  important  to  the  automotive  industry  which 
plans  to  reduce  vehicle  weight  and  to  increase  gas  milage  by  introducing  aluminum  car  bodies  [12]. 

3.  PROGRESS  TOWARD  AN  INDUSTRIAL  COIL 

Today,  the  gas  CO2  and  the  solid  state  Nd:YAG  are  the  principal  high-power  industrial  lasers  for  material  processing.  While 
the  CO2  devices  are  available  in  higher  power  and  better  beam  quality,  compatibility  with  optical  fibers  is  making  the 
Nd:YAG  increasingly  popular  [13].  The  major  limitation  of  commercially  available  Nd:YAG  lasers  is  their  relatively  poor 
beam  quality,  caused  by  cooling  problems  in  the  arc  lamp-driven  laser  rods  [14].  There  is  an  ongoing  effort  to  remedy  this 
problem  by  configuring  the  laser  media  into  slabs  and  by  replacing  the  lamps  with  more  efficient  laser  diodes  [15].  While 
Nd:YAG  (and  glass)  diode  pumped  lasers  generating  about  1  kW  of  near  diffraction-limited  beams  have  been  reported  [16,  17], 
production  models  are  many  years  away  and,  even  then,  will  be  largely  unaffordable,  unless  the  cost  of  diodes  is  significantly 
reduced.  COIL  is  thus  the  only  near  term  candidate  for  an  industrial  high-power,  high-brightness  laser  with  fiber-compatible 
output.  Power  and  beam  quality  performance  demonstrated  by  laboratory  devices  are  stimulating  interest  in  industrial  COIL  at 
the  Phillips  Laboratory  [18]  and  Rocketdyne  in  the  U.S.A.,  Kawasaki  Heavy  Industries  in  Japan  [19],  DLR  in  Germany  [20], 
and  other  laboratories  [21].  Figure  4  shows  the  comparative  performance  of  leading  and  emerging  industrial  lasers. 
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The  basic  science  and  technology  required  for  efficient  operation  of  COIL  have  been  established  in  previous  efforts.  Chemical 
efficiencies  of  26.7%  have  been  reported  [22]  and  40%  projected  [23].  Recent  breakthroughs  in  compact,  high-pressure 
oxygen  generators  [24]  make  it  possible  to  reduce  the  size  and  cost  of  the  vacuum  plant.  Efficient  transmission  of  COIL 
beam  by  optical  fibers  has  been  already  demonstrated  at  the  1  kW  level  [3]  and  analysis  indicates  that  over  20  kW  of  power 
could  be  transmitted  through  commercially  available  fibers  with  1  mmp  [18.  25].  Commercial  availability  of  hydrogen 
peroxide  electrosynthesizers  [26]  promises  in-situ  regeneration  of  COIL  fuels.  In  the  author's  opinion,  key  challenges  to  the 
development  of  industrial  COIL  are  no  longer  in  science  but  in  product  engineering.  First  steps  toward  construction  of  a 
practical,  safe,  and  integrated  COIL  system  have  already  been  taken  by  Kawasaki  and  Rockwell,  Figure  5. 

4.  FUEL  CYCLES  IN  COIL 

Unlike  other  industrial  lasers,  in  which  the  lasing  media  are  generated  either  in  electric  discharges  or  with  radiation  produced 
by  electric  light  sources,  the  lasing  medium  in  COIL  is  produced  by  reacting  chemical  fuels.  The  raw  fuels  for  COIL  are 
potassium  hydroxide,  hydrogen  peroxide  (which  are  mixed  to  prepare  basic  hydrogen  peroxide  or  BHP),  chlorine,  and  iodine. 
First,  chlorine  gas  is  brought  into  contact  with  the  BHP  in  an  oxygen  generator  to  produce  singlet  delta  oxygen.  Then, 
iodine  vapor  is  mixed  with  the  singlet  delta  oxygen  to  produce  the  lasing  medium  [1]. 

Past  research  in  COIL  was  motivated  by  military  applications,  in  which  the  laser  produced  only  short  bursts  of  energy  and  the 
cost  of  fuel  and  supply  logistics  were  of  little  concern.  However,  for  the  continuous  operation  required  for  most  industrial 
applications,  the  cost  of  fuel,  fuel  logistics,  and  management  of  laser  effluents  have  significant  impact.  This  suggests  two 
approaches  in  the  design  of  an  industrial  COIL.  First  is  the  traditional  "open  loop"  fuel  cycle,  in  which  fresh  fuels  are 
obtained  in  bulk  form  and  reaction  products  are  disposed  of.  An  alternate  approach  is  to  regenerate  and  recycle  the  1  •  er  fuels 

in-situ.  Regeneration  of  BHP  and  chlorine  from  COIL  reaction  products  (potassium  chloride  and  water)  can  be  acc< . ’’'  hed 

by  adapting  and  integrating  two  commercially  available  electrochemical  technologies:  (1)  brine  electrolysis,  tt  .-ce 
hydroxide  and  chlorine  [27],  and  (2)  electrolytical  synthesis  of  hydrogen  peroxide  in  an  alkaline  electrolyte  [26].  As  seen  in 
Figure  6,  the  overall  process  is  continuous  and  consumes  only  electricity  and  atmospheric  oxygen. 

5.  ECONOMIC  CONSIDERATIONS 

Since  economic  considerations  are  among  the  leading  factors  in  the  purchase  of  a  material  processing  laser  system,  the 
industrial  COIL  must  be  cost  competitive.  Competitiveness  can  be  judged  by  the  cost  of  acquisition,  cost  of  operation,  and 
the  life  cycle  cost,  which  is  the  sum  of  the  first  two.  The  typical  purchase  price  of  a  multi-kilowatt  fiber-fed  cw  Nd:YAG 
laser  is  about  $100/watt  [28].  The  price  for  a  comparable  CO2  system  is  about  $60/watt.  Pulsed  systems  are  typically 
somewhat  more  expensive.  The  cost  of  the  industrial  COIL  based  on  the  concepts  presented  here  is  estimated  at  about 
$120/watt  for  the  "open  cycle"  and  $210/watt  for  the  regenerative  version. 

The  very  low  cost  of  electricity  (~$0.10/kWh  in  the  U.S.)  keeps  the  operating  cost  of  CO2  and  Nd:YAG  in  the  range  of  $2- 
6/kWh  of  laser  power.  The  open  cycle  COIL  requires  a  continuous  supply  of  chemical  fuels  which  (based  on  the  prices  of 
bulk  chemicals  in  the  U.S.)  bring  the  cost  of  operation  to  about  $33/kWh.  The  regenerative  COIL  can  be  operated  at  about 
$7/kWh,  which  is  quite  comparable  to  that  of  a  Nd:YAG  [28].  Amortizing  the  cost  of  acquisition  over  a  system  lifetime, 
e.g.  10,000  hours  (5  years  of  8  hours/day  operation)  yields  the  life  cycle  cost  of  the  system,  which,  for  the  open  cycle  COIL, 
is  almost  3x  higher  than  that  of  a  comparable  Nd:YAG  and  almost  4x  higher  than  CO2  lasers.  The  lifecycle  cost  of  the 
regenerative  COIL  is  comparable  to  that  of  the  Nd:YAG  but  higher  than  the  CO2.  However,  the  life  cycle  cost  should  also 
take  into  account  laser  effectivness  for  specific  applications.  For  example,  the  CO2  laser  effectivness  is  reduced  due  to  its 
long  wavelength  which  is  succeptible  to  reflection  from  the  workpiece  and  is  also  strongly  absorbed  by  the  plasma.  Taking 
these  effects  into  consideration  indicate  that  COIL  could  potentially  be  the  the  best  cost-performer  [29]. 

6.  CONCEPT  DESIGN  EXAMPLE 

Economic  considerations  dictate  device  configuration,  choice  of  technologies,  and  engineering  design.  The  overall  industrial 
COIL  concept  configuration  is  comprised  of  Fuel  Supply,  Laser  Assembly,  and  Beam  Delivery  Assembly  systems.  Figure  7. 
Two  versions  of  the  fuel  supply  were  considered:  open  loop  and  regenerative.  The  choice  of  power  was  set  at  20  kW,  based 
on  the  average  5  kW  requirement  for  individual  applications  and  simultaneous  supply  of  four  beams  to  multiple  work 
stations.  Chemical  efficiency  is  estimated  at  about  20%.  The  wall  plug  efficiency  for  the  regenerative  system  is  about  3%. 

A  supersonic  cavity  and  high  pressure  flow  throughout  the  Laser  Assembly  are  favored  by  a  tradeoff  between  hardware  cost, 
operating  cost  and  beam  quality.  This  approach  allows  reduction  of  the  vacuum  plant  size  to  a  single  stage.  Nitrogen,  which 
is  used  as  a  diluent  in  3:1  molar  ratio  to  chlorine,  is  provided  either  by  evaporation  of  liquid  nitrogen,  which  is  used  as  a 
refrigerant  for  the  open  cycle  system,  or  from  an  air  separation  unit,  which  also  generates  oxygen  required  for  electrosynthesis 
of  BHP.  Iodine  is  recycled  internally  within  the  laser  by  condensing  the  iodine  vapor  downstream  of  the  diffuser,  then 
vaporizing  it  and  feeding  the  vapor  back  to  the  nozzle.  Any  small  amount  of  iodine  leaking  through  the  condenser  and 
unreacted  chlorine  (<5%)  are  removed  from  the  flow  in  a  conventional  concurrent  scrubber,  which  also  chills  the  flow  and 
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provides  minor  compression.  The  vacuum  plant  consists  of  conventional  water  ring  pump(s).  An  unstable  negative  branch 
resonator  with  uncooled  optics  is  used  for  high  extraction,  good  beam  quality,  and  low  sensitivity  to  misalignment.  Nominal 
operation  is  cw  but  pulsed  mode  operation  could  be  achieved  by  magnetic  gain  switching  [30]. 

Fuel  Assembly  for  the  open  cycle  system  operates  in  a  batch  mode.  A  suitable  quantity  of  BHP  is  prepared  from  commercial 
grade  H2O2  and  NaOH  and  the  laser  is  operated  until  the  molarity  drops  to  the  threshold  level  for  efficient  operation  .  NaOH 
is  used  in  lieu  of  KOH  because  of  its  lower  cost  and  the  higher  salt  solubility.  At  $0. 10/gallon  and  almost  400  kJ/kg 
refrigeration  effect,  liquid  nitrogen  is  the  most  economical  choice  for  refrigeration  and  source  of  cavity  diluent.  Liquid 
chlorine  is  flash  vaporized  in  a  standard  commercially  available  vaporizer.  The  regenerative  fuel  supply  integrates  cells  for 
brine  electrolysis  and  electrosynthesis  of  BHP  based  on  established  technologies.  A  salt  separator  is  employed  to  extract  KCl 
from  the  BHP  flow  and  to  feed  it  into  the  brine  cell.  A  commercially  available  air  separator  generates  oxygen  for  BHP 
electrosynthesis  and  nitrogen  diluent  for  the  laser.  A  standard  compression  type  refrigerator  is  used  for  thermal  management. 

The  Beam  Delivery  Assembly  splits  and  multiplexes  the  20  kW  beam  according  to  a  timesharing  protocol  and  delivers  it  to 
application  workstations  using  commercially  available  optical  fibers.  Preservation  of  beam  quality  is  of  particular  concern  for 
long  fibers  with  multiple  and  sharp  bends.  Previous  effort  [31]  suggests  that  graded  index  fibers  are  less  detrimental  to  beam 
quality.  It  is  conservatively  assumed  that  delivered  beam  quality  (M^)  will  be  about  10,  which  is  still  about  an  order  of 
magnitude  better  than  current  Nd:YAG’s  [32].  The  corresponding  COIL  beam  peak  intesity  is  in  the  range  of  10^  W/cm^. 

7.  CONCLUSION 

The  need  for  high-power,  high-brightness  lasers  for  existing  and  emerging  applications  has  been  established.  It  was  shown 
that  COIL  uniquely  meets  the  power,  brightness,  and  beam  delivery  requirements.  COIL  science  and  technology  are 
sufficiently  mature  to  enable  initiation  of  product  development.  Economic  comparisions  indicate  that  COIL  could  be  a  cost 
competitive  industrial  laser  for  material  processing.  Concepts  presented  illustrate  how  various  COIL  and  commercial 
technologies  can  be  integrated  to  yield  an  economically  viable  product. 
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Figure  1 :  Uses  and  users  of  high-power  inciusinal  lasers 
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Figure  2:  Application  needs  translate  into  laser  parameters 
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Figure  5:  Rockwell's  self-contained  high-power  TSS  COIL 
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Figure  4:  Performance  comparision  of  high  power  lasers 


Figure  6:  BHP  and  chlorine  regeneration  for  COIL 


Figure  7:  Industrial  COIL  concept 
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1 6.  Laser  Applications 


ORION:  Clearing  near-Earth  space  debris  in  two  years  using  a  30-kW  repetitively-pulsed  laser 
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ABSTRACT 

Nearly  200,000  pieces  of  debris  in  the  1  -  20-cm  range  in  low-Earth  orbit  (LEO),  a  legacy  of  35  years  of  spaceflight  now 
threaten  long-term  space  missions.  An  economical  solution  to  the  problem  is  to  use  a  ground-based  laser  to  create  a 
photoablation  jet  on  the  objects  and  cause  them  to  re-enter  the  atmosphere  and  bum  up,  A  sensitive  optical  detector  is 
required  to  locate  objects  as  small  as  1  cm  at  1500  km  range.  Applied  when  the  object  is  rising  and  between  about  45  and 
15-degree  zenith  angle,  the  necessary  Av  is  of  order  lOOm/s.  A  laser  of  30  kW  average  power  at  5-ns  pulsewidth  and  a  4--6-m 
mirror  with  adaptive  optics  can  clear  near-Eaith  space  of  the  1-20-cm  debris  in  2  years  of  operation.  A  high  altitude  site 
minimizes  turbulence  correction,  interference  from  nonlinear  optical  effects,  and  absorption.  We  discuss  the  effect  of  nonlinear 
optical  processes  in  the  atmosphere  as  boundaries  on  propagation,  and  how  to  choose  system  parameters  to  guarantee 
optimum  conversion  of  laser  energy  to  target  momentum.  The  laser  might  be  Ndiglass  (1.06|im/530nm),  or  iodine  (1.3|im). 


Figure  1 

Estimated  number  of  debris  vs.  size 


1.  DEBRIS 

Thirty-five  years  of  space  activity  have  produced  several  hundred 
thousand  pieces  of  space  debris  larger  than  1  cm  in  near-Earth  orbit 
[Phipps,  et  al  1996]  (Fig.  1).  Debris  objects  are  now  sufficiently 
numerous  to  pose  a  significant  threat  to  the  International  Space  Station 
Alpha  (ISSA).  For  ISSA,  the  impact  velocity  spectmm  of  these  objects 
peaks  at  10-12  km/s,  for  which  a  1-cm-diameter  aluminum  object  has 
kinetic  energy  ~  100  kJ.  The  size  range  of  greatest  hazard  to  spacecraft  is 
1.5-20-cm.  It  is  possible  to  shield  against  objects  smaller  than  1.5  cm. 
Larger  objects  are  few,  and  can  be  seen  and  avoided.  Cumulative  debris 
flux  in  the  800-1 100-km  altitude  band  in  this  size  range  (meaning  impacts 
from  objects  with  size  >d)  is  about  9E-5/m2  cross-section  per  year  [Kessler 
1995a].  Today,  space  debris  in  low-Earth  orbit  (LEO)  threatens  any 
mission  in  the  h  =  1000  km  vicinity  which  has  a  product  of  exposed  area 
and  on-station  lifetime  of  the  order  of  10^  m^  -  years.  For  example,  a  fleet 
such  as  that  planned  by  Teledesic  Corp.  with  orbit-average  projected 
cross-section  of  8.3E4  m^  is  expected  to  experience  a  hit  once  every  2 
months.  These  hits  are  not  necessarily  catastrophic,  but  3-4  satellites  in 
this  constellation  will  be  lost  to  debris  at  a  cost  of  $30-$40M  in  a  decade 
[Stewart  1996]. 

There  is  still  substantial  uncertainty  amounting  to  factors  of  3  or  4  in 
the  1-20-cm  flux  because  only  the  7900  objects  larger  than  10  cm  have 
been  catalogued.  Density  of  smaller  objects  is  based  on  sampling  [see. 


e.g.,  Stansbery,  1996].  A  pernicious  aspect  of  the  debris  arises  from  the  possibility  that  collisions  between  these  objects  will 
produce  many  smaller  objects.  Some  authors  suggest  the  critical  debris  density  for  this  effect  has  been  achieved  in  this  band 
[Kessler  1995b].  This  process  is  irreversible  in  the  popular  800-1 100-km  altitude  band  where  lifetime  is  of  order  10k  yr. 

2.  WHY  DEBRIS  MITIGATION  IS  IMPORTANT 
2.1  Protecting  the  Space  Environment 

Space  is  a  commons.  This  last  and  most  pristine  frontier  is  being  polluted. 


2.2  Insurance  policy 

Presently,  the  users  of  space  have  mostly  decided  to  assess  the  threat  of  space  debris  in  terms  of  their  individual  assets. 
On  the  basis  of  the  threat  to  an  individual  satellite,  one  can  ignore  the  risk.  Instead,  we  believe  it  is  logical  to  look  at  the 
collective  risk,  since  the  total  threat  to  World  installed  space  assets  (of  order  $60B)  is  significant,  but  may  be  mitigated,  as  in 
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the  case  of  the  threat  of  collision  to  a  fleet  of  automobiles,  by  pooling  the  risk  in  an  insurance  policy.  That  insurance  policy  is 
ORION,  and  its  construction  can  be  completed  for  a  premium  of  about  0.2%  of  the  installed  capital  investment. 

2.3  Technology  base 

This  project  is  the  first  opportunity  to  build  a  high  average  power,  high  peak  power  laser  system.  Its  techmcal 
requirements  also  stretch  existing  capabilities  in  pointing,  tracking,  acquisition,  detection,  and  adaptive  optics. 

2.4  Debris  database 

Small  objects  in  the  threatening  1-20-cm  size  range  have  mostly  not  been  characterized,  leading  to  unacceptable 
uncertainties  in  number  density,  flux,  and  orbital  parameters  of  the  objects. 

3.  PREVIOUS  MITIGATION  EFFORTS 

Mitigation  of  debris  has  been  discussed  by  Metzger,  et  al  1989,  Loftus  &  Reynolds  1993,  Monroe  1994,  Phipps  1993, 
and  Phipps  et  al.  1996.  A  major  policy  document  in  this  area  is  the  Interagency  Report  on  Orbital  Debris  [OSTP  1995]. 

The  approach  of  Metzger,  etal  is  space-based,  featuring  a  nuclear-powered  spacebome  debris  sweeper  powering  a  neutral 
particle  beam  or  a  10-kJ,  1-Hz  krypton  fluoride  laser  (A.  =  248  nm).  The  advantage  of  this  concept  is  that  the  photoablation 
thrust  vector  averaged  over  many  laser  shots  can  be  directed  exactly  opposite  to  the  momentum  of  the  object  for  maximum 
efiBciency,  which  cannot  be  done  from  the  ground.  The  disadvantages  are  that  mass  costs  $10  -  20/g  to  put  in  low  Earth 
orbit,  plus  the  fact  that  the  complexity  of  a  space-based  debris  sweeper  far  exceeds  that  of  the  Hubble  Telescope,  which  was  a 
multi-billion-dollar  effort  both  to  install  and  to  service.  Also,  because  of  the  1000-km  depth  of  the  debris  band,  space-based 
debris  sweeper  needs  a  range  of  action  which  turns  out  to  be  not  dramatically  different  from  that  of  its  ground-based  counter¬ 
part  to  be  effective  in  a  reasonable  time.  Finally,  a  space-based  system  discard  a  “free”  advantage  of  the  ground-based  system 
since,  from  the  ground,  interesting  objects  are  all  moving  against  a  fixed  backgroimd,  whereas,  in  space,  velocity  discrimi¬ 
nation  must  be  used,  leading  to  complicated  detection  schemes  involving  4-wave  mixing.  Monroe  1994  proposes  a  ground- 
based  system  featuring  a  10-m-diameter  beam  director  with  adaptive  optics  correction  and  a  5MW  reactor-pumped  1.73-[xm 
wavelength  laser.  Loftus  and  Reynolds  1993  catalog  forces  available  for  removing  objects  from  orbit,  including  direct  pro¬ 
pulsion,  enhanced  aerodynamic  drag,  solar  sails,  electromagnetic  drag,  and  solar/lunar  orbit  perturbations.  They  also  mention 
valuable  efforts  at  international  cooperation  and  improved  spacecraft  design  to  dramatically  reduce  the  rate  of  increase  of  debris. 

4.  THE  ORION  SYSTEM 

4.1  Overview 

A  ground-based,  repetitively  pulsed  laser  system  with  about  30kW  average  power  (Nd:glass  at  1.06|im  is  assumed  but 
frequency-doubled  Nd:glass,  or  iodine  at  1.3|im  have  not  been  ruled  out)  is  focused  on  the  debris  object  by  a  6-m  diameter 
beam  director  fitted  with  adaptive  optics  capable  of  correcting  atmospheric  turbulence  well  enough  to  achieve  a  Strehl  ratio  cf 
0.5.  Pulse  energy  is  30kJ.  The  system  is  installed  at  a  high  altitude,  low-latitude  site  with  good  seeing  to  minimize  the 
difficulty  of  attaining  this  goal.  The  laser  pulse  intensity  on  the  debris  object  is  adjusted  so  that  a  photoablation  jet  is  created. 
Since  most  irregularly-shaped  debris  objects  were  created  by  explosion  or  collision,  they  will  be  tumbling  about  3  axes,  and 
this  tumbling  combined  with  operation  near  the  photoablation  threshold  intensity  will  produce  a  net  thrust  averaged  over 
many  laser  shots  which  is  approximately  parallel  to  the  laser  propagation  vector.  If  the  system  only  addresses  objects  which 
are  rising  with  zenith  angle  45®<0z<O  the  object’s  perigee  will  be  lowered  sufficiently  (200  km)  to  produce  rapid  re-entry  and 
bumup.  For  many  of  the  objects,  this  can  be  done  in  one  pass.  In  order  to  send  the  ORION  laser  beam  through  the 
atmosphere,  beam  intensity  must  be  low  enough  to  avoid  driving  nonlinear  processes  at  the  pulsewidth  employed.  Those  cf 
primary  concern  are  Stimulated  Raman  scattering  (SRS),  Stimulated  Thermal  Rayleigh  Scattering  (STRS)  and  nonlinear 
index  (n2).  The  system  can  clear  near-Earth  space  of  the  primary  threat  debris  population  in  about  two  years. 

4.2  Pulsed  laser  format  is  preferable  to  CW 

Our  studies  have  shown  that  a  CW  laser  (1.3-3.8  |xm)  would  require  a  power  of  5-10  MW  to  achieve  good  momentum 
coupling  to  a  debris  target  at  1500  km  range.  We  will  show  that  only  30kW  average  power  from  a  repetitively-pulsed  -\\m 
laser  is  sufficient  to  clear  near-Earth  space  debris  in  less  than  2  years. 

4.3  Momentum  coupling  coefficients  are  well  known 

By  convention,  the  momentum  coupling  coefficient  Cm  is  defined  as  the  ratio  of  target  momentum  produced  by 
photoablation  to  incident  laser  pulse  energy: 

^  dyne-s/J.  [1] 

As  incident  pulsed  laser  fluence  increases  past  threshold.  Cm  for  a  wide  variety  materials  rises  rapidly  to  a  peak  value  in  the 
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range  2-8  dyne-s/J,  declining  slowly  for  higher  fluence  as  ejecta  velocity  increases.  We  surveyed  the  results  of  46  experiments 
in  which  the  fluence  Oopt  for  optimum  coupling  was  measured,  and  determined  that  for  a  wide  variety  of  possible  debris 
surfaces,  wavelengths  ranging  from  0.25  to  10.6  pm,  and  pulsewidths  100ps<t<lms,  Oopt  can  be  best  fit  by: 


opt 


J/cm^ 


[2] 


with  a  -  0.45  and  C  =  2.3E4.  Thermal  transient  theory  would,  of  course,  give  a  =  0.5. 
4.4  Pulsed  laser  energy  and  pulsewidth  are  determined 


Universal  ORION  Propagation  Chart 


I  ‘SRS  and  n2  in 
jthe  atmosphere  are 
jthe  limiting  factors 
I  for  beam  pulse  in- 
I  tensity.  On  the 
pother  hand,  achiev- 
I  ing  optimum  thrust 
I  at  the  distant  target 
I  requires  thatamini- 
j  mum  fluence  be  de- 
j  livered  at  range. 

I  Cost  and  agility  set 
I  limits  to  the  mirror 
I  diameter  which  can 
I  be  used,  and,  hence, 
I  to  beam  diameter  in 
jthe  atmosphere. 

I  Given  a  wave- 
I  length,  these  effects 
I  together  determine 
I  combinations  of 
I  pulse  energy  and 
I  duration  which 
I  satisfy  both  limits. 

I  That  solutions  exist 
j  is  shown  by  Fig.  2. 
I  With  laser  pulse 
I  energy  and  beam 

p.  ^  ^  o  diameter  Wb  and 

Figure  2.  Graphical  Solution  to  Target  Physics  and  Nonlinear  Atmospheric  Transmission  Limits range  z  wave¬ 
length  X,  Strehl  ratio  S  and  atmospheric  transmission  T,  fluence  (J/cm^)  in  each  pulse  O  delivered  to  the  debris  is  given  by: 
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Equating  [2]  and  [3]  gives  ^  _  C  ^  for  the  necessary  beam  fluence  at  the  ground.  141 

X  ST  ^ 

In  Eq.  [4],  ^  =  zV?i/(7cDb^/4).  In  the  Figure,  we  have  plotted  lines  of  constant  ^  (with  Db  in  m,  X  in  pm  and  z  in  Mm 
for  convenience).  It  is  seen  that  ^  =  0.05  pushes  the  nonlinear  limits  as  hard  as  one  dares  in  the  lOOps-lOOns  range.  This 
choice  then  fixes  maximum  system  slant  range  z,  once  X  and  Db  are  picked.  Note  that  the  target  effects  lines  move  downward 
in  proportion  to  the  4th  power  of  Db. 

4.4^umber  of  targets,  Av  for  de-orbit  and  time  for  clearing  debris  determine  laser  average  power 

The  present  debris  database  cannot  tell  us  the  detailed  composition  of  the  1— 20-cm  debris  cloud.  However,  we  have  con¬ 
structed  a  hypothetical  [except  for  column  A],  representative  5-component  cloud  [Table  I],  and  conclude  from  it  that  30kW 
average  power  is  sufficient  to  clear  the  population  below  1500km  in  2  yr.  Average  power  is,  of  course,  inversely  related  to 
clearing  time.  A  4-6-m  diameter  mirror  is  assumed.  The  laser  might  be  a  derivative  of  the  DoE/Livermore  National  Lab  de- 
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sign  for  1  of  64  arms  of  the  National 
Ignition  Facility  (NIF)  laser. 

4.5  Acquiring/tracking  debris 
Probably  the  most  difficult 
aspect  in  ORION  is  acquiring  and 
tracking  objects  as  small  as  1cm  at 
ranges  up  to  1 500km.  To  clear 
150k  objects  in  2  years,  it  is  only 
necessary  to  acquire  17  objects  /hr. 
Ho  et  al  [1993]  have  designed  and 
tested  a  unique  imaging,  photon¬ 
counting  detector  which  can  see  1.3- 
cm  objects  with  a  geometric  albedo 
of  8%  at  400km  range  (or  100%  at 
1400  km)  in  solar  illumination 
during  dawn  and  dusk  within  a  1° 
field  of  view.  Their  detection  algo¬ 
rithm  is  based  on  identifying  linear 
tracks  of  single  photons  in  x-y-t 
space  containing,  e.g,,  16  photons 
during  a  1-s  interval.  Even  if  150k 
debris  objects  were  uniformly  distri¬ 
buted,  acquisition  rate  within  a  1° 
field  of  view  would  be  2.9/s.  At  this 
rate,  a  single  detector  operating  only  during  the  3  hours  of  twilight  can  acquire  the  entire  population  in  about  5  days.  Using  a 
slightly  smaller  field  of  view,  background  can  be  reduced  sufficiently  to  acquire  all  targets  of  interest  to  ORION  with  a  more- 
than-adequate  data  rate.  As  has  been  suggested  [Phipps  et  al  1996],  a  small,  short-pulse  tracking  laser  can  develop  an 
ephemeris  for  each  object  in  3  dimensions  sufficiently  accurate  for  the  ORION  laser  to  later  find  and  act  on  the  object  in  the 
dark  (after  a  few  orbits).  This  final  process  involves  expanding  the  ORION  beam  footprint  to  match  the  few-m  track 
uncertainty,  using  its  beam  as  target  illuminator,  then  progressively  narrowing  the  footprint  with  the  aid  of  a  quadrant 
detector,  computed  relativistic  lead  angle,  sodium  beacon  and  adaptive  optics.  A  polychromatic  guidestar  [Foy,  et  al\  may 
be  of  assistance. 

5.  PROBABLE  SYSTEM  COST 

The  1500-km  range  all-optical  system  should  cost  of  order  $100-200  M,  baed  on  costs  of  systems  already  built,  as  well 
as  operating  costs  for  manpower  and  consumables  over  a  2  -  3-yr  operating  life. 
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TABLE  I:  30kW  Average  Power  is  Sufficient  to  Clear 
Hypothetical  Debris  Population  in  2  Years 


Target 

A 

B 

C 

D 

E 

Hypothetical 
Debris  Item::^ 

Na/K 

Carbon 

phenolic 

MLI 

(plastic/Al 

Crumpled 

Steel  tank 

System  Parameter: 

snhere 

fragment 

surfaces') 

Al 

rib  support 

Inclination  (deg) 

65 

87 

99 

30 

82 

Apogee  (km) 

930 

1190 

1020 

800 

1500 

Perigee  (km) 

870 

610 

725 

520 

820 

A/m  (cm  /gm) 

1.75 

0.7 

25 

0.37 

0.15 

Actual  size  (cm) 

1.0 

1x5 

0.05x30 

1x5 

1x10 

Bond  albedo 

0.4 

0.02 

0.05/0.7 

0.05/0.7 

0.5 

Optimum  Cm(dyne-s/J) 

6±2 

7.5±2 

5.5±2 

4+1.5 

4±1.5 

Av  required  (m/s) 

190 

no 

140 

90 

160 

Est,  number  of  targets 

50k 

20k 

60k 

lOk 

lOk 

Laser  re-entrv  eficMt: 

Shine  time/item  [30kW](min) 

5 

6 

0.3 

13 

9 

Retargeting  time  (min) 

0.5 

0.5 

0.5 

0.5 

0.5 

Total  time  all  targets  (yr) 

0.5 

0.3 

0.1 

0.3 

0.2 

Down  time  all  targets  (yr) 

0.2 

0.1 

0.05 

0.1 

0.1 

Total  (yr) 

0.7 

0.4 

0.15 

0.4 

0.3 

[Grand  Total  (yr)l 

_ 
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ABSTRACT 

The  design  issues  for  a  scaleable  sodium  laser  guide  star  are  discussed,  involving  cw  frequency  lock  of  a  dye  laser 
using  polarisation  spectroscopy,  pulse  multiplexing  techniques  and  high  power  pulsed  dye  amplifiers.  A  numerical  model 
and  results  from  preliminary  measurements  on  a  double-pass  dye  amplifier  are  presented.  The  possible  integration  of  an 
unsaturated,  high  gain  pre-amplifier,  and  a  saturated,  low  gain  power  amplifier  into  a  single  dye  amplifier  cell  are 
investigated  for  pulsed  amplification  of  a  cw  master  oscillator. 

Keywords:  sodium  laser  guide  stars,  adaptive  optics,  frequency  lock,  polarisation  spectroscopy,  phase  modulation,  copper 
vapour  lasers,  pulsed  dye  amplifiers 

1.  SODIUM  LASER  GUIDE  STAR  SYSTEM  DESIGN 

1.1  Introduction 

Laser  guide  stars  (LGS)  are  required  to  obtain  greater  sky  coverage  for  astronomical  telescopes  incorporating  adaptive 
optics.  Resonant  scattering  of  a  high  power  pulsed  laser  from  atomic  sodium  in  the  mesosphere  is  the  most  promising 
technique  for  the  production  of  a  LGS.  However,  due  to  saturation  of  tlie  sodium,  the  efficient  generation  of  a  bright  LGS 
using  pulsed  excitation  is  difficult.  We  are  devising  a  modular  system  where  the  brighmess  of  the  LGS  can  be  increased 
linearly  by  adding  more  laser  units'.  The  main  elements  of  the  intrinsically  scaleable  sodium  LGS  system  are  as  follows: 

•  Frequency  locked  cw  dye  master  oscillator  (DM0) 

•  Pulse  multiplexing  mechanism 

•  Pulsed  dye  amplifiers  (PDA) 

1.2  Frequency  locked  cw  dye  master  oscillator 

The  DM0  provides  a  low  power  cw  seed  beam  to  be  sequentially  injected  into  an  array  of  pulsed  dye  amplifier  sub-units. 
With  polarisation  spectroscopy^  the  DM0  can  be  locked  to  a  hyperfine  peak  of  the  sodium  D2  transition,  as  is 
schematically  depicted  in  Fig.  1.  A  linearly  polarised  pump  beam  is  propagated  through  an  atomic  sodium  vapour  cell, 
creating  significant  changes  in  the  population  densities  of  the  hyperfine  upper  levels  of  the  sodium  D2  transition  by  optical 
pumping.  Due  to  the  induced  birefringence,  a  counter-propagating  circularly  polarised  probe  beam  experiences  a 
dispersion  which  is  different  for  the  polarisation  components  parallel  and  perpendicular  to  the  pump  beam.  The 
transmitted  probe  beam  is  split  into  two  polarisation  components  at  ±45°  to  the  pump  polarisation,  the  intensity  difference 
between  which  is  used  to  generate  the  error  signal  for  the  frequency  stabilisation. 

The  spectral  bandwidth  ot  the  DM0  output,  which  has  a  linewidth  of  1  MHz,  must  be  spectrally  broadened  in 
order  to  reduce  saturation  and  to  obtain  efficient  excitation  of  the  sodium  layer.  The  optimum  laser  linewidth  for  efficient 
photon  return  from  the  sodium  layer  has  been  shown  to  be  approximately  600  MHz  I  It  is  possible  to  broaden  the 
effective  linewidth  of  the  cw  DM0  beam  by  electro-optic  phase  modulation  (EOPM).  If  the  frequency  of  the  laser  is 
modulated  on  a  time  scale  much  shorter  than  the  lifetime  of  the  sodium  D2  transition  (16.1  ns),  the  laser  will  appear  to 
the  atomic  sodium  to  have  a  broadened  linewidth.  Initially,  a  standing  wave  EOPM  which  is  commercially  available  will 
be  used  to  broaden  the  cw  DM0  beam.  A  travelling  wave  EOPM  will  enable  more  control  over  the  spectral  profile  of  the 
DM0  output  and  is  currently  under  development. 
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1.3  Pulse  multiplexing  mechanism 

A  pulse  multiplexing  mechanism  is  used  to  seed  each  of  the  pulsed  dye  amplifier  sub-units  in  turn  with  the  DM0  beam, 
and  to  recombine  the  amplified  output  beams.  This  approach  gives  rise  to  the  pulse  train  format  shovm  in  Fig.  2.  Power 
scaleability  is  achieved  by  adding  dye  amplifier  sub-units  to  increase  the  average  output  power  without  increasing  peak 
power.  This  means  the  photon  return  from  the  LGS  will  scale  linearly  with  the  number  of  dye  amplifier  sub-units  in  the 
system  as  the  level  of  saturation  of  the  sodium  remains  constant.  To  create  such  a  multiplexed  macro  pulse,  different  time¬ 
multiplexing  arrangements  will  be  investigated  using  either  spinning  mirrors,  or  Pockels-cells  in  conjunction  with 
^4-plates  and  polarising  beamsplitters^ 


Figure  2:  Pulse  format  of  sequentially  multiplexed  output 


1.4  Pulsed  dye  amplifier 

The  choice  of  a  cw  DM0  has  the  advantage  that  it  facilitates  time-multiplexing  and  only  requires  frequency  stabilisation 
of  one  laser  unit.  The  corollary  of  this  is  that  the  available  peak  power  to  seed  the  PDAs  is  decreased  by  three  orders  of 
magnitude  compared  with  conventional  pulsed  dye  master  oscillators,  thus  requiring  the  use  of  high-gain  PDAs.  At  the 
same  time,  high  optical  conversion  efficiencies  are  needed  to  minimise  the  pump  power  required.  To  match  both  these 
requirements  we  set  out  to  investigate  the  possibility  of  using  a  double-pass  dye  amplifier  arrangement. 
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2  DOUBLE-PASS  DYE  AMPLIFIERS 


2.1  Introduction 

To  achieve  high  amplification  and  efficient  power 
conversion,  multi-stage  amplification  systems  are  usually 
used  which  consist  of  high-gain  pre-amplifiers  and 
efficient,  saturated  power  amplifiers.  Due  to  technological 
constraints,  however,  the  number  of  amplifier  cells  for  the 
sodium  LGS  system  needs  to  be  kept  to  a  minimum.  We 
have  investigated  the  use  of  a  double-pass  geometry  where 
a  single  side-pumped  dye  amplifier  cell  operates  as  both 
pre-  and  power  amplifier.  In  this  approach  (see  Fig.  3),  the 
degree  of  amplifier  saturation  varies  along  its  length 
providing  a  region  of  high  gain  (low  efficiency)  at  the 
mirror  end,  while  the  gain  medium  near  the  input/output 
end  operates  in  the  saturated  (high  efficiency)  regime. 
Double-pass  dye  amplifier  stages  have  been  successfully 
employed  as  high-gain  pre-amplifiers'^,  resulting  in 
enhanced  conversion  efficiency  compared  to  a  single-pass 
arrangement. 


Figure  3:  Double  pass  dye  amplifier  set-up 


2.2  Numerical  modelling 

To  give  reasonable  estimates  for  typical  operating 
parameters,  a  one-dimensional  numerical  simulation  was 
performed,  using  a  rate-equation  model  for  the  amplifier 
medium.  The  effect  of  excited  state  absorption,  which  is 
known  to  limit  the  performance  of  high-power  dye 
amplifiers^,  is  accounted  for.  The  build  up  of  amplified 
spontaneous  emission  (ASE)  in  the  medium  is  modelled 
using  source  terms  resulting  from  spontaneous  emission 
originating  at  the  end-faces  of  the  amplifier  medium, 
following  investigations  by  Ganiel  et  al  The  optical 
field  is  taken  to  consist  of  five  components:  two  counter 
propagating  oscillator  signals,  two  single-pass  ASE 
fluxes  from  either  end  of  the  gain  medium,  and  one 
double-pass  ASE  signal  which  originates  from  feedback 
of  one  single-pass  ASE  component  at  the  rear  mirror. 

Results  from  the  numerical  modelling  show  that 
due  to  the  low  seed  signal  from  the  cw  DM0,  the  laser 
gain  medium  will  be  saturated  by  ASE,  especially  by  the 
double-pass  ASE  signal.  Spatial  and  spectral  filtering  at 
the  rear  mirror  are  required,  to  suppress  ASE  and  prevent 
loss  of  power. 

From  the  numerical  simulations  it  can  be 
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Figure  4:  The  calculated  effect  of  amplfied  spontaneous 
emission  on  amplifier  performance 


concluded  that,  in  order  to  saturate  the  amplifier  on  the  second  transit  in  a  double-pass  arrangement,  the  incoming 
oscillator  intensity  needs  to  be  at  least  ~  10‘^  times  the  saturation  intensity  of  the  medium.  Presently,  with  around  0.1  W  of 
cw  DM0  input,  the  incoming  signal  intenstiy  is  ~  10  '^  times  the  saturation  intensity. 
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2.3  Preliminary  experiments 

In  preliminary  experiments,  the  DM0  was  approximately  tuned  to  the  sodium  wavelength  with  a  birefringent  filter  to  give 
175  mW  cw  output  with  a  linewidth  of  -  1  nm.  The  gain  medium  containing  0.7  mM  of  Rhodamine  B  dissolved  in 
ethanol,  was  transversely  pumped  with  10  W  of  green  pump  light  from  a  single  copper  vapour  laser.  The  DM0  was 
focused  to  match  the  diameter  of  the  gain  volume  (0.5  mm),  the  length  of  which  was  5  mm.  The  measured  gain  was  510\ 
corresponding  to  a  conversion  efficiency  of  2.3%.  The  ASE  component  present  in  the  amplified  signal  was  found  to  have 
been  reduced  by  -20%  compared  with  the  output  from  the  unseeded  PDA. 

2.4  Discussion 

From  the  calculated  and  measured  double-pass  amplifier  gains,  it  can  be  concluded  that  in  the  present  arrangement  the 
PDA  is  operating  in  the  non-saturated  regime.  Although  the  oscillator  signal  is  starting  to  be  sufficiently  high  to  compete 
with  the  ASE  signal,  saturation  is  not  attained  even  on  the  second  transit  through  the  gain  medium.  By  optimising  the 
pumping  geometry  it  is  expected  that  stage  gains  of  ~  lO’  can  be  achieved  with  efficiencies  of  5-10%.  However,  this  is  not 
sufficient  for  production  of  a  sodium  LGS,  and  pre-amplification  will  still  be  required  to  boost  the  signal  by  two  orders  of 
magnitude.  Future  experiments  will  investigate  various  pre-amplifier  arrangements  for  further  development  of  the 
scaleable  sodium  LGS  system. 


3.  REFERENCES 

1.  G.P.  Hogan  and  C.E.  Webb,  “Proposed  design  for  a  scalable  dye  laser  for  use  in  sodium  laser  guide  star  generation,”. 
Proceedings  OSA/ESO  Conference  on  Adaptive  Optics,  2-5  October  1995  Garching,  Germany. 

2.  J.W.  Thomsen,  N.C.R.  Holme,  U.  Muller  and  J.O.P.  Pedersen,  “Modulation-free  frequency  stabilisation  of  a  dye  laser 
by  polarization  spectroscopy,”,  Meas.  Sci.  Technol.  6,  pp.  170-173, 1995. 

3.  B.M.  Welsh  and  C.S.  Gardner,  “Nonlinear  resonant  absorption  effects  on  the  design  of  resonance  fluorescence  lidars 
and  laser  guide  stars”,  App.  Opt.  28(19),  19,  1989. 

4.  S.  Lavi,  G.  Bialolanker,  M.  Amit,  D.  Belker,  G.  Erez  and  E.  Miron,  “Characterization  of  a  pulse  amplifier  for  cw  dye 
lasers,”,  Optics  Commun.  60(5),  pp.  309-313, 1986. 

5.  K.  Dasgupta,  S.  Kundu  and  L.G.  Nair,  “Extraction  efficiency  of  saturated-gain  high-power  dye  amplifiers:  effect  of 
nonlinear  signal  absorption”,  Appl.  Opt.  34(12),  pp.  1982-1988, 1995. 

6.  U.  Ganiel,  A.  Hardy,  G.  Neumann  and  D.  Treves,  “Amplified  spontaneous  emission  and  signal  amplification  in  dye- 
laser  systems”, /EEE  7.  Quant.  Elec.  11(11),  pp.  881-892, 1983. 


735 


YAG  Laser  System  with  Combined  Beams  from  Three  Oscillators  and  Its  Application  to  Materials  Processing 

Hiroshi  Miura,  Shigeki  Fujinaga,  Torn  NaiiMyo,  Akira  Ohmori,  Keiji  Okino  *  and  Syuichi  Watanabe  * 

Research  and  Development  Dept.,  The  Advanced  Materials  Processing  Institute  Kinki  Japan, 

Amagasaki  Hyogo,  Japan 

*  NEC  Corporation  Laser  Equipment  and  Mechatronics  Div.,  Shimokuzawa  Sagamihaia 

Kanagawa,  Japan 


ABSTEIACT 


We  constmcted  a  ^stem  in  which  a  newly  developed  pulse  excited  YAG  laser  oscillator  of  1.5kW  average  power  and 
an  integration  optics  were  incorporated,  together  with  two  CW  YAG  laser  oscillators  of  2kW  average  power,  a  6-axes 
articulated  robot  and  a  PC.  The  integration  optics  summed  up  three  laser  beams  transmmited  through  optical  fibers  and 
condensed  to  a  focused  spot  at  the  focusing  point.  We  could  obtain  the  following  results  using  the  system.  (1)  The  focused 
spot  diameter  for  good  welding  quality  with  the  integration  optics  could  be  available  without  changing  the  distance  between 
the  specimen  and  the  optics.  (2)  The  delay  time  between  the  pulse  excited  YAG  laser  beam  and  the  rectangularly 
modulated  CW  YAG  laser  beams  should  not  exceed  the  time  of  keyhole  formation  with  the  CW  laser  beams  to  obtain  the 
maximum  penetration  depth.  (3)  The  deepest  penetration  depth  and  the  largest  volume  of  welding  could  be  obtained  by  the 
overhead  position  welding  compared  with  the  flat,  horizontal  and  vertical  position  welding. 

1. INTRODUCTION 


Heavy  industries  are  demanding  the  YAG  laser  with  higher  brightness  to  apply  the  laser  materials  processing  to  their 
works  which  are  thicker  than  the  ones  of  electric  or  automotive  industries.  A  YAG  laser  output  power  can  be  scaled  up  by 
increasing  YAG  rod  volume  and  a  input  power  of  an  exciting  lamp.  The  thermal  lens  effect  of  a  YAG  rod,  however, 
prevents  from  increasing  the  output  power  with  a  small  beam  divergence  angle  '  .  Several  new  lasers,  for  example,  slub 
laser  ^  ,  laser-diode  pumped  YAG  laser  ®  and  mbe  laser  have  been  studied  to  overcome  the  disadvantage.  Another 
method  to  increase  a  laser  power  is  to  sum  up  the  laser  beams  from  laser  oscillators  at  a  position  on  an  optical  path 
between  the  laser  output  mirrors  and  the  work,  althrough  the  methods  increase  a  beam  parameter  product  and  processing 
characteristics  with  the  method  is  inferior  to  the  one  with  the  same  output  power  from  a  single  oscillator  ®  .  There  are 
,  many  methods  using  an  optical  fiber  owing  to  the  high  flexibihty  of  it.  We  have  been  studying  the  summing-up  methods 
and  the  processing  characteristics  with  them  ® '  ''  V  We  would  report  here  about  a  newly  developed  YAG  laser 
processing  system  and  its  application  to  welding.  The  purposes  of  the  study  are  to  reveal  the  superimposed  relation  for  the 
optimum  welding  quality  between  CW  YAG  laser  beams  and  a  pulse  excited  one  and  to  obtain  the  foundamental 
information  for  aU  position  welding.  For  this  purpose,  we  constmcted  a  system  in  w'liich  a  newly  developed  pulse  excited 
YAG  laser  oscillator  of  1.5kW  average  power  and  integration  optics  were  incorporated,  together  with  two  CW  YAG  laser 
oscillators  of  2kW  average  power,  a  6  axes  articulated  robot  and  a  PC.  The  integration  optics  summed  up  three  beams  from 
laser  oscillators  which  have  been  transmitted  through  optical  fibers  respectively,  and  condensed  the  beams  into  a  spot 
diameter  larger  than  the  core  diameter  of  optical  fibers.  The  similar  system  was  reported  ®  in  which,  however,  three 
beams  from  the  same  kind  of  oscillator  were  summed  up  and  condensed  spot  diameter  could  not  be  variable.  The  details 
of  the  developed  system  and  some  welding  results  using  the  system  would  be  reported  in  the  paper. 

2.  DEVELOPMENT  OF  THE  SYSTEM 


One  of  two  elements  to  be  developed  in  the  system  is  the  pulse  excited  YAG  laser  oscillator  with  1.5k  W  average 
power.  The  maximum  average  power  of  the  rod  type  pulse  excited  YAG  laser  products  has  been  IkW  ^  until  now.  The 
another  element  to  be  developed  is  the  integration  optics  with  variable  condensed  spot  diameter.  Using  the  optics  we  can 


736 


SPIEVol.  3092  •  0277-786X/97/$10.00 


vaiy  the  focused  spot  diameter  and  have  the  optimum  condition  for  maity  kinds  of  laser  materials  processing.  We  would 
describe  the  details  of  the  developed  system  in  the  chapter. 


2.1  YAG  laser  oscillators  in  the  system 

The  newly  developed  pulse  excited  YAG  laser  oscillator  consists  of  an  oscillator  and  following  two  amplifiers.  The 
sizes  of  the  rods  are  8  X  200mm  in  the  oscillator  and  10  0  X  200mm  in  the  amplifiers.  The  rods  were  set  at  the 
common  focal  axes  of  the  double  elhptic  cylinders  and  excited  by  the  two  Xenon  flash  lamps  of  the  maximum  input  power 
of  lOkW  at  the  other  focal  axes.  The  rods  of  the  oscillators  and  the  two  amplifiers  were  excited  by  the  same  input  power 
and  were  set  at  the  equal  spaces  in  order  to  obtain  the  same  focal  length  with  the  thermal  lens  effect  and  hence  the  stable 
oscillation.  The  maximum  repetition  rate  and  pulse  width  is  200pps  and  20ms  respectively.  Figure  1  shows  the  dependence 
of  an  average  laser  output  power  transmitted  through  the  optical  fiber  with  core  diameter  of  1mm,  10m  length  and  the  step 
index  refractive  profile  on  an  input  electric  power.  The  repetition  rate  and  the  pulse  width  are  lOpps  and  10ms  respectively. 
Four  8  0  X  200mm  rods  were  used  in  a  CW  YAG  laser  resonator,  set  in  the  equal  spaces  and  excited  by  the  same  input 
power  per  rod  for  the  same  reason  in  the  pulse  excited  laser.  The  CW  laser  oscillator  have  a  sinusoidal  or  rectangular 
quasi-CW  mode  of  the  maximum  frequency  of  200Hz  by  modulating  the  current  of  the  exciting  Krypton  arc  lamp.  In  the 
rectangular  quasi-CW  mode  the  peak  power  can  be  enhanced  twice  as  high  as  the  average  power  at  the  duty  ratio  smaller 
than  50  %  . 

2.2  Optical  fibers  and  integration  optics 

The  beams  from  the  three  oscUlators  were  transmitted  through  the  optical  fibers,  colhmated  respectively,  condensed  by  a 
large  aperture  lens  enough  to  cover  the  three  collimated  beams  and  summed  up  to  the  maximum  average  power  of  5.5  kW 
at  the  focal  point  of  the  lens.  The  schematic  diagram  of  the  integration  optics  is  shown  in  Figure  2.  The  coUimator  lenses 
were  movable  and  their  position  could  be  set  at  the  appreciate  position  from  outside  the  lens  holder  so  that  a  suitable  spot 
diameter  and  hence  a  suitable  power  density  for  ary  materials  processing  could  be  obtained  without  changing  the  work 
distance  between  the  surface  of  the  specimen  and  the  lowest  edge  of  the  integration  optics.  The  integration  optics  can 
image  the  cores  of  the  optical  fibers  with  the  ratio  of  1:1  at  the  focal  point  of  100mm  and  then  achieve  the  spot  diameter 
of  1mm  with  5.5kW  average  power  of  YAG  laser  beams.  Figure  3  shows  the  shapes  of  the  focused  beams  for  six  positions 
of  colhmator  lenses  at  the  focal  point  using  a  Laserscope  UFFIOO.  It  was  found  from  the  results  that  any  spot  diameter  of 
laser  beams  larger  than  the  core  diameter  of  the  optical  fiber  are  obtainable.  Figure  4  shows  the  shapes  of  the  focused 
beams  for  three  caustic  positions  in  the  region  of  the  focal  point  at  the  position  (d)  of  the  collimator  lenses  in  the  Figure  3. 
The  focused  spot  is  sphtted  into  each  beam  of  laser  oscillator. 

3.  EXPERIMENTAL  RESULTS  OF  LASER  WELDING 

We  conducted  the  bead-on-plate  welding  of  SUS  304  using  the  newly  developed  system  for  evaluating  the  system, 
revealing  the  superimposed  relation  between  CW  YAG  laser  beams  and  the  pulse  excited  one  for  the  optimum  welding 
quality  and  obtaining  the  foundamental  characteristics  for  all  position  welding.  All  position  welding  is  the  big  application 
for  the  developed  system  with  an  optical  fiber  beam  delivery.  The  integration  optics  was  held  and  moved  by  the  articulated 
robot  irradiating  the  focused  laser  beams  on  the  specimen.  Figure  5  shows  the  dependence  of  welding  characteristics  on  the 
position  of  collimator  lenses.  We  would  report  the  delay  effect  of  diferent  kinds  of  oscillations  on  welding  characteristics 
and  all  position  welding  using  the  developed  system.  Figure  6  shows  an  example  of  all  position  welding. 

4.  CONCLUSIONS 


We  could  sum  up  the  results  through  the  study  as  follows. 

(1)  The  appropriate  focused  spot  diameter  for  good  welding  quality  with  the  integration  optics  of  three  beams  is  available 
without  changing  the  distance  between  the  specimen  and  the  optics. 


737 


(2)  The  delay  time  between  the  pulse  excited  YAG  laser  beam  and  the  rectangularly  modulated  CW  YAG  laser  beams 

should  not  exceed  the  keyhole  formation  time  not  to  cmsh  the  keyhole  and  to  obtain  the  maximum  penetration  depth. 

(3)  The  deepest  penetration  depth  and  the  largest  volume  of  welding  are  obtained  by  the  overhead  position  welding 

compared  with  the  flat,  horizontal  and  vertical  position  welding  because  of  the  removal  of  the  molten  metal  at  the 
bottom  of  the  keyhole  with  the  gravitational  force. 
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Fig.  2  Schematic  diagram  of  integration  optics 
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Fig.  3  Focused  laser  beam  shapes  by  the  integration 
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collimator  lenses 


Fig.  4  Focused  laser  beam  shapes  by  the  integration 
optics  for  three  caustic  positions  D  d  in  the 
region  of  the  focal  point 
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Fig.  5  Dependence  of  penetration  depth  and  bead  width 
on  the  displacement  of  collimator  lenses 
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ABSTRACT 

The  possibility  of  the  rast  and  paint  removal  from  the  powar  transmission  towers  was  investigated  with  the  pulsed 
NdiYAG  lasCT  for  the  first  time.  The  red  mst  and  paint  were  successfully  removed  without  damaging  underlying  Zn(zinc) 
galvanized  s ted  substr^es.  The  optimum  irradated  laser  fluencefor  the  red  rust  was  found  from  0,3J/an^  to  0.4J/an^  for 
9ns  short  pulses,  from  l.OJ/cm^  to  4.4J/an^  for  200ns  long  pulses,  respectively.  For  the  paint  stripping  the  optimum 
ranged  from  3.3J/an^  to  4.4J/cm^  with  the  pulse  width  of  200ns. 

Keywords  :mst  stripping,  paint  stripping,  NdiYAG  laser,  pulsed  laser 

1. INTRODUCTION 

The  towers  for  the  power  transmission  lines  are  constructed  of  Zn  galvanized  sted  frames  against  corrosion.  Some  of 
them  are  coated  with  red  and  white  striped  colors  for  the  safety  of  the  flights  of  the  air  planes.  The  Zn  galvanized  and  painted 
frames  have  gradually  eroded  by  aging.  The  repainting  cyde  depends  on  the  constructed  place  of  towCTS  such  as  a  mountain 
or  an  indis trial  area,  for  instance.  The  pefect  removal  of  rust  and  imwanted  paint  is  expected  to  prolong  the  cycle  of  the 
repainting  and  then  reduces  the  cost  of  maintenance  dramatically.  The  existing  stripping  process  which  is  usually  made  by 
hands  with  brushes,  grinders  and  the  like,  takes  much  time  to  remove  and  cannot  strip  completely  as  the  towers  have 
complicated  structures.  The  easy,  effident,  and  automated  surface  cleaning  system  is  eagerly  required  in  the  electric  power 
companies.  As  the  laser  stripping  process  is  expected  to  be  one  of  the  promising  process,  we  have  investigated  the  mst  and 
paint  removal  from  the  power  transmission  towers  by  lasers. 

2.  EXPERIMENT 

In  more  recait  years  lasers  have  been  used  to  remove  the  coating  from  the  airplanes  \  to  clean  eyesores  from 
graffiti.^  Most  works  have  been  made  with  exdmer  lasers,  or  with  the  pulsed  CO2  laser  which  is  one  of  the  most  effident 
and  cost  dfective  lasers.  They  are  not  suitable  for  energy  delivery  by  optical  fibers.  As  the  stripping  process  for  the  towers 
are  made  in  the  open  air,  the  flexibility  of  the  laso*  beam  delivery  is  required  The  NdYAG  laser  which  could  ddiva*  the 
high  laser  energy  with  high  effidency,  was  used  in  the  experiment.  The  laser  pulse  width  was  9ns  and  200ns  in  FWHM. 
The  pulse  repetition  frequaicy  was  50Hz.  The  laser  was  set  at  a  constant  en^gy  per  pulse.  The  average  peak  power  was 
determined  from  the  irradated  laser  energy  dvided  by  the  beam  area  and  pulse  width.  The  test  pieces  used  were  Zn  galvanized 
steel(SS400)  plates  without  any  strain,  with  red  mst,  with  polyurethane  coating,  and  with  epoxy  coating.  The  completeness 
of  the  coating  removal  was  measured  by  the  roughness  analyzer  (Taicor  Instmm^ts:  a  lpha-step200). 
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2.1.  Measurement  of  reflectivity 

In  the  laso*  stripping  process  it  is  required  that  the  irradiated  laser  energy  is  suffidently  and  selectively  absorbed  by  the 
coating  material.  We  measured  the  reflectivity  of  the  used  Zn  substrate,  mst,  and  paint  with  the  spectrophotometer 
(JASCO:V-570).  Figure  1  shows  the  relative  reflectivity  as  a  function  of  the  wavelength.  The  reflectivity  of  the  coatings 
was  about  6  ^  9%  smalla:  than  that  of  the  substrate.  The  laser  energy  may  be  sufficiently  absorbed  in  the  rast  and  paint. 
These  results  roughly  show  that  the  laser  is  able  to  remove  the  unwanted  rust  and  paint  sdectively. 


2.2.  Removal  of  red  rust 

One  of  the  most  important  factors  for  the  stripping  process  is  not  to  damage  the  underlying  substrates  in  addition  to 
the  complete  rmioval  of  the  coating  mataial.  We  investigated  a  maximum  irradiated  laser  aiergy  for  stripping  by  varying 
the  laser  fluence  to  the  Zn  substrate.  The  upper  limit  of  the  laser  fluence  was  found  at  0.4J/cm^  in  a  9ns  pulse  width  and 
4.4J/cm^  in  200ns.  The  colored  beam  patterns  were  visually  observed  on  the  Zn  substrate  when  the  laser  energies  beyond  the 
threshold  were  q)plied.  The  detailed  analysis  of  the  damaged  surface  was  studied  by  X-ray  photoelectron  spectroscopy  (XPS). 
XPS  has  been  used  to  analyze  the  chemical  bonding  of  the  elements  in  the  surface.  The  XPS  analysis  was  performed  with 
the  dectron  analyzer  (Nippondenshi:JPS-90SX).  The  ^plied  voltage  was  lOkV.  Figure  2  shows  the  obtained  spectra  around 
the  O  Is  spectra  When  the  laser  pulses  were  irradiated  on  the  Zn  substrate,  both  the  peak  energy  and  the  shoulder  of  the 
spectra  at  higher  aiergy  decreased.  The  different  chemical  bonding  of  the  dements  shifted  Two  peaks  were  rqx)rted^  The 
observed  spectra  were  the  combination  of  two  dffer^it  bonding.  The  lower  energy  peak  located  at  530eV  corresponds  to  bulk 
oxygen  in  ZnO  while  the  higher  energy  peak  located  at  532eV  is  related  with  the  surface  chemisorbed  oxygen.  As  the  total 
peak  energy  is  shifted  to  the  lower  energy  after  the  high  energy  lasCT  irradiation,  the  increase  of  the  oxidation  would  be 
shown. 
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Fig.l.  Measured  relative  reflectivity  of  the 
Zn  substrate,  red  rust,  and  paint. 


Fig,2.  Measured  binding  energy  spectra  of 
the  damaged  Zn  substrate. 
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Figure  3  shows  the  optimum  range  of  the  laser  energy  for  the  red  rust  stripping.  The  optimum  removal  was  defined  as 
the  case  in  whidi  th^e  were  no  beam  patterns  or  rust  visible  on  the  substrate.  The  average  thickness  of  the  rust  was  about  4 
fx  m.  The  threshold  of  ablation  was  found  at  0.3J/cm^  in  a  9ns  laser  pulse  and  l.OJ/cm^  in  200ns.  From  the  results 
previously  achieved  at  the  Zn  galvanized  s ted  substrate,  the  optimum  laser  fluence  ranges  between  0.3J/cm^  and  0.4J/an^  at 
9ns.  For  the  long  pulse  operation,  the  optimum  laser  fluaice  ranged  from  l.OJ/cm^  to  4.4J/cm^.  The  obtained  roughness  of 
the  surface  was  0.89^  m  at  0.35J/cm^  with  9ns  and  1,2^  m  at  3.3J/cm^  with  200ns.  As  the  typical  removal  process  by 
brushes  gives  the  roughness  of  2^  m  at  the  best,  these  results  show  that  the  NdYAG  laser  stripping  can  effectively  remove 
the  red  rust  without  d^aging  the  undeiiying  substrate. 

2.3.  Removal  of  paint 

The  relatively  higher  towers  for  the  high  voltage  transmission  lines  are  painted  with  red  and  white  striped  colors  by 
air  regulations.  The  coating  usually  consists  of  two  layers.  The  epoxy  paint  is  coated  on  the  substrate  and  secondly  white  or 
red  polyurethane  coating  is  covered  on  it.  The  depainting  of  each  white  colored  paint  was  evaluated  respectively.  The 
thickness  was  about  100  fi  m  and  the  white  colored  paint  was  used  The  dependence  of  the  energy  density  is  shown  in  Figure 
4.  As  far  as  the  energy  daisity  was  concerned,  the  same  results  were  obtained  in  each  paint.  Regardless  of  pulse  width,  the 
single  shot  irradiation  was  hard  to  remove  it.  The  accumulation  of  the  pulse  energy  was  necessary  to  completely  remove  the 
painting.  The  short  laser  pulse  was  able  to  depaint  the  coating  at  about  1.7J/cm^  per  pulse.  As  the  fluaice  was  beyond  the 
threshold  for  damaging  the  Zn  substrate,  the  short  laser  pulse  was  not  suitable  for  the  paint  stripping.  As  for  the  200ns 
long  pulses,  it  was  found  that  the  threshold  pulse  energy  density  for  the  paint  stripping  should  be  higher  than  3.3J/an^.  As 
the  substrate  was  damaged  at  in  excess  of  4.4J/cm^,  the  paint  stripping  was  found  optimal  between  3.3J/an^  and  4.4J/an^. 
These  results  confirm  that  the  long  pulsed  NdYAG  laser  with  200ns  can  remove  the  paint  for  red  and  white  striped  colored 
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Fig.3.  Optimum  energy  density  for  the  red  rust  stripping.  Fig.4.  Optimum  energy  density  for  the  paint  stripping. 
The  laser  pulse  width  is  9ns  and  200ns  in  FWHM.  The  laser  pulse  width  is  9ns  and  200ns  in  FWHM. 


742 


3.  CONCLUSION 


The  possibility  of  the  rust  and  paint  stripping  for  the  transmission  towers  was  investigated  The  rust  and  paint 
stripping  by  the  pulsed  NdYAG  laser  has  the  potential  to  replace  the  conventional  method 
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ABSTRACT 

In  addition  to  the  well  established  processes  of  laser  hardening  of  steel  and  laser  remelting  of  cast  iron,  the  laser  surface 
modification  of  light  metals  finds  more  and  more  interest  in  the  research  community.  While  a  lot  of  work  concentrates  on 
aluminium  and  titanium,  only  a  few  investigations  on  the  laser  treatment  of  magnesium  are  published  In  this  work  the 
laser  surface  alloying  of  magnesium  base  alloys  with  aluminium,  copper,  nickel,  silicon  and  combinations  of  these  elements 
was  carried  out.  In  all  cases  the  laser  alloying  process  led  to  an  increase  of  hardness  caused  by  the  formation  of  intermetallic 
compounds.  This  resulted  in  improved  wear  resistance  and  in  some  cases  additionally  in  improved  corrosion  resistance. 

Keywords:  laser  surface  alloying,  magnesium  alloys,  wear  resistance,  corrosion  resistance 


1.  INTRODUCTION 

Except  laser  welding  and  cutting,  today  the  industrial  application  of  high  power  lasers  in  material  treatments  is  only  wide 
spread  in  the  field  of  laser  surface  hardening  of  steel  and  laser  surface  remelting  of  cast  iron.  In  laser  treatment  of  light  metals 
the  laser  nitriding  of  titanium  and  the  surface  remelting  of  cast  Al-Si-alloys  have  found  some  industrial  applications. 

In  the  last  years  magnesium  alloys  became  very  interesting  for  structural  applications  in  the  field  of  automotive  and 
aerospace  industries  because  of  their  low  specific  densities  of  1.75  -  1.85  g/cm^  But  the  poor  wear  and  corrosion  resistance 
are  one  of  the  greatest  restrictions  for  further  applications.  This  work  investigates  the  possibilities  of  laser  surface  alloying  of 
magnesium  base  alloys  to  increase  the  wear  resistance  without  having  a  negative  effect  on  the  corrosion  resistance. 

With  laser  remelting  a  very  fine  and  homogenous  structure  occurs  in  the  laser  tracks  due  to  the  rapid  solidification. 
A  medium  increase  of  hardness  (max.  50  %)  and  a  slightly  better  corrosion  resistance  can  be  achieved,  but  a  further 
improvement  can  only  be  achieved  by  alloying.  For  this  investigations  commercial  pure  magnesium  (99.9  %)  and  several 
magnesium  base  alloys  were  used  as  substrates.  These  alloys  were  laser  alloyed  in  a  one  step  process  with  aluminium,  known 
to  improve  the  corrosion  resistance  and  to  cause  solid  solution  hardening,  as  well  as  with  copper,  nickel  and  silicon  which  are 
forming  hard  and  stable  intermetallic  compounds  with  magnesium.  Additionally  mixtures  of  these  alloying  elements  were 
used  to  combine  the  alloying  effects. 


2.  MATERIALS  AND  LASER  PROCESSING 
2.1  Substrate  materials  and  alloying  elements 

Table  2.1  lists  the  compositions  of  the  magnesium  base  alloys  used  as  substrate  material  in  the  form  of  sheets  with  a 
thickness  of  10  mm.  For  general  investigations  on  the  wear  and  corrosion  behaviour  cp  Mg  was  used  as  substrate.  Alloying 
elements  were  aluminium,  copper,  nickel  and  silicon  in  the  form  of  powders  with  a  particle  size  <  45  pm.  The  general 
feasibility  of  laser  surface  alloying  with  pure  alloying 
elements  to  magnesium  base  alloys  has  been  shown 
elsewhere*"*'^^.  This  work  is  focused  on  of  the  alloying  of 
pure  magnesium  with  combinations  of  two  alloying 
elements.  The  former  results  showed  a  strong  increase  of 
wear  resistance  by  laser  alloying  of  magnesium  with 
copper  and  nickel,  whereas  the  corrosion  resistance  was 
only  increased  by  aluminium  or  high  nickel  contents. 

This  led  to  investigations  on  alloying  with  combinations 
of  aluminium  with  copper  (50  at.%  each)  and  aluminium 
with  nickel  (75  at.%  A1  and  25  at.%  Ni). 


Alloy 

Condition 

X 

< 

p 

A1 

Zn 

Mn 

Y 

Zr 

RE 

Mg 

cp  Mg 

as  cast 

30 

99.9 

A1  80 

extruded 

50 

0.8 

rem. 

AZ61 

extruded 

60 

6.0 

1.0 

0.3 

rem. 

WE  54 

cast,  T6 

95 

5.1 

0.5 

2.9 

rem. 

Table  2.1:  Condition  and  chemical  composition  (wt%)  of  the 
substrate  alloys 
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2.2  Laser  processing 

The  laser  treatment  in  this  work  was  carried  out  with  a  Heraeus  5  kW  C02-laser  with  a  rectangular  beam  shape  in 
combination  with  a  Perkin-Elmer  Metco  powder  feed 
unit.  Depending  on  the  melting  point  of  the  alloying 
elements  a  defocused  beam  within  a  power  range 
from  2.5  to  3.5  kW  was  used  at  working  speeds  from 
0.5  to  1.5  m/min.  The  protection  of  the  reactive 
molten  magnesium  and  of  the  alloying  powders  was 
realised  by  using  argon  as  powder  feed  gas. 

Figure  2.1  shows  the  principle  of  the  one  step 
laser  alloying  process.  The  alloying  elements  were 
fed  directly  into  the  molten  pool  during  laser 
treatment.  The  alloy  content  and  the  resulting 
hardening  effects  of  the  intermetal  lies  formation  and 
solid  solution  hardening  were  controlled  by  the 
powder  feed  rates.  As  for  laser  remelting,  the  rapid 
cooling  during  the  laser  alloying  process  led  to  a 
much  finer  microstructure  compared  to  conventional 
cast  alloys.  The  structure  and  the  phase  composition 
of  the  laser  alloyed  surface  layers  were  investigated 
by  light  and  electronic  microscopy  and  by  X-ray 
diffraction. 

2.3  Investigations  of  the  wear  resistance  using  the  scratch  test  method 

The  wear  resistance  of  the  laser  alloyed  layers  was 
examined  with  a  Teer  Coating  multiscratch  tester.  The 
principle  of  this  test  method  is  shown  in  figure  2.2.  A 
fixed  hardened  steel  ball  is  moved  within  a  measuring 
length  of  3  mm  over  the  surface  layer  with  an  applied 
load  of  20  ISI  for  a  number  of  250  cycles.  As  a  result  of 
the  applied  load  in  combination  with  the  small  contact 
point  of  the  steel  ball,  a  high  hertzian  pressure  occurs  in 
the  contact  zone.  Compared  to  several  other  wear  tests, 
this  combination  of  sliding  wear  and  hertzian  pressure  is 
more  realistic  in  respect  to  industrial  applications.  Under 
a  high  hertzian  pressure  the  deformation  of  a  softer 
material  under  a  hardened  surface  layer  can  cause  crack 
formation  and  spalling  of  the  layer.  The  result  of  the 
multiscratch  test  is  a  groove-like  wear  track.  The  depths 
of  these  tracks,  indicating  the  material  loss,  were 
measured  by  a  Perthometer  roughness  tester  and 
compared  for  all  untreated  and  laser  alloyed  materials.  Figure  2.2:  Principle  of  the  multiscratch  test 

2.4  Corrosion  tests 

Investigations  on  the  corrosion  resistance  of  the  laser  alloyed  surface  layers  were  carried  out  by  the  salt  water  immersion 
test.  The  samples  were  cut  to  a  size  of  15  x  15  mm  and  mounted  in  polymer  raisin  to  cover  the  untreated  substrate  material 
and  subsequently  ground  up  to  2400  grit  abrasive  paper  to  realise  a  comparable  surface  finishing.  Then  the  samples  were 
immersed  in  1000  ml  of  3%  NaCl  solution  for  16  hours  at  room  temperature.  After  the  test,  the  corrosion  attack  on  the 
surface  was  inspected  by  microscopic  investigation.  To  compare  the  laser  alloyed  layers  to  untreated  material,  samples  of 
cast  cp  Mg  were  also  tested  under  the  same  conditions. 


Sample  Oscillation 


Figure  2.1:  Principle  of  laser  surface  alloying 
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3.  RESULTS  AND  DISCUSSION 


3.1  Results  of  the  laser  alloying  process 

As  for  laser  alloying  with  one  element,  the  formation  of  intermetallic  compounds  occurred  in  the  AI+Cu  and  the  Al+Ni 
alloyed  layers.  Table  3  1  lists  the  formed  intermetallics  and  their  melting  points.  For  laser  alloying  with  A1  and  Cu  a  ternary 
compound  Mg(Al,Cu)2  with  magnesium  is  formed  for  element  contents  of  38  at.%  Cu  and  25  at.%  A1  in  the  layers.  The 
intermetallic  shov/ed  a  dendritic  structure  with  a  compact  short  armed  form  of  the  dendrites.  The  formation  of  the  ternary 


phase  increased  the  hardness  to  values  above  300HVoi, 
but  strong  embrittlement  led  to  crack  propagation  during 
grinding.  Laser  alloying  of  magnesium  with  aluminium  and 
nickel  led  to  the  formation  of  the  binary  intermetallic  Al3Ni2 
in  the  form  of  long  oriented  grown  dendrites  in  a  mainly  of 
Mg  and  A1  consisting  eutectic  matrix  for  alloying  contents  of 
45  at.%  Al  and  26  at.%  Ni.  Hardness  values  of  280  HVoj 
were  achieved,  whereas  neither  embrittlement  nor  crack 
formation  was  observed.  Due  to  the  fact  that  larger  surface 
areas  had  to  be  alloyed  for  producing  the  samples  for  wear 
and  corrosion  testing,  a  stronger  distortion  of  the  laser 
treated  sheets  occurred  as  a  result  of  the  high  thermal 
expansion  of  magnesium. 


Alloying 

element 

Melting 
point  [°C] 

Intermetallic 

compound 

Melting  point 
[°C] 

Al 

660 

402 

Cu 

1083 

Mg2Cu 

568 

Ni 

1453 

Mg.Ni 

760  (peritectic) 

Si 

1410 

MgzSi 

1085 

Al  +  Cu 

... 

Mg(Al,Cu)2 

*) 

Al  +  Ni 

... 

Al3Ni2 

1133  (peritectic) 

*)  dependent  on  composition 
Table  3.1:  Magnesium  intermetallics^^’ 


3.2  Results  of  the  wear  and  corrosion  tests 

As  reported  earlier*"^' the  laser  alloying  with  copper  showed  the  strongest  increase  of  wear  resistance  for  the  pure 
elements.  But  the  corrosion  resistance  of  these  layers  was  decreased  dramatically.  The  former  work  showed  also  a  strong 
influence  of  the  substrates  alloying  elements  on  the  structure  of  the  formed  intermetallic  compound,  resulting  in  a  different 
wear  resistance  of  the  alloyed  layers.  This  new  results  of  the  investigations  on  laser  alloying  of  pure  magnesium  with 
combinations  of  two  elements  showed  an  additionally  increase  of  wear  resistance.  Compared  to  alloying  only  with  copper  the 
combination  of  Al  and  Cu  resulted  in  a  slightly  lower  wear  rate,  whereas  the  corrosion  resistance  of  these  layers  was  strongly 
increased.  The  only  visible  corrosion  effect  was  a  slight  darkening  of  the  surface,  no  pitting  corrosion  occurred. 

The  highest  wear  resistance  was  achieved  by  the 
Al  +  Ni  alloyed  samples.  The  wear  depth  was 
decreased  to  values  of  11%  compared  to  the 
untreated  pure  magnesium.  Figure  3.1  summarises 
the  results  of  the  wear  tests  on  laser  alloyed  layers 
on  pure  magnesium  (alloyed  with  Al,  Al+Cu  and 
Al+Ni)  respectively  Al  80  (alloyed  with  Ni,  Cu  and 
Ni).  As  for  alloying  with  pure  nickel  or  the 
combination  Al+Cu,  the  corrosion  resistance  of  the 
samples  was  increased  due  to  a  low  amount  of 
magnesium  solid  solution  crystals  in  the  layers. 

Additionally  to  the  bonding  of  nickel  in  the  Al3Ni2' 
phase,  the  surplus  aluminium  is  dissolved  into  the 
magnesium  solid  solution,  resulting  also  in  an 
increased  corrosion  resistance  of  the  remaining  Mg. 

Compared  to  the  Al+Cu  alloyed  samples  the 
corrosion  attack  led  also  to  a  slight  darkening  but 

additionally  to  the  formation  of  a  thin  grey  layer  of  Figure  3.1:  Results  of  multiscratch  test,  20  N,  250  cycles,  on 
corrosion  products.  laser  alloyed  surface  layers  on  cp  Mg  (respectively  Al  80) 
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4.  CONCLUSIONS 


The  investigations  demonstrated  the  possibilities  of  increasing  the  wear  resistance  of  magnesium  base  alloys  without  loss  of 
corrosion  resistance.  The  one  step  laser  alloying  of  commercial  pure  magnesium  with  combinations  of  two  elements  was 
carried  out  successful  with  the  element  combinations  Al+Cu  and  Al+Ni.  Compared  to  laser  alloying  with  one  element,  the 
alloying  with  a  mixture  of  aluminium  and  nickel  resulted  in  a  further  increase  of  wear  resistance.  No  strong  decrease  of 
corrosion  resistance,  as  observed  for  alloying  with  copper,  was  found.  The  reason  for  the  strong  increase  of  wear  and 
corrosion  resistance  was  the  formation  of  a  magnesium-free  intermetallic  compound  of  the  used  alloying  elements.  Whereas 
the  corrosion  resistance  was  increased  by  the  additional  alloying  of  the  remaining  magnesium  solid  solution  crystals  with 
aluminium.  Due  to  the  fact  that  the  actual  work  was  carried  out  only  on  pure  magnesium,  further  investigations  should 
examine  the  laser  alloying  of  different  magnesium  base  alloys  with  this  combinations  of  two  alloying  elements.  Additionally 
investigations  on  laser  alloying  of  cp  Mg  with  other  combinations  of  alloying  elements  like  Al+Si  or  Al+Zn  should  be  carried 
out. 
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Introduction 


Some  classical  surface  hardening  methods  require  a  new  machining  after  treatment  or  a  break  in 
line  machining.  The  laser  surface  hardening  allows  U)  avoid  these  disadvantages.  Moreover  the 
associated  Nd:YAG  laser  optical  fiber  enables  to  become  independent  of  the  piece  geometry  ;  in 
our  case,  an  extrusion  screw. 

In  order  to  control  the  depth  quenched  by  Nd:YAG  laser  beam,  a  temperature-field  fast 
calculation  based  on  the  knowledge  of  the  laser-material  interaction  parameters,  of  the  laser  power, 
of  the  scanning  speed  and  of  the  material  thermal  diffusivity  and  conductivity  is  proposed.  The 
method  is  applied  to  iron-chromium  and  to  iron-nickel-chromium  alloys.  Quenched  depth 
measurements  on  four  steels  lead  to  experimental  results  in  good  agreement  with  the  proposed 
model. 

The  hardening  zone  is  characterized  by  hardness,  structure.  Young’s  modulus  and  yield  stress. 
Notably  an  original  way  is  used  to  know  thermal  affected  zone  Young’s  modulus  and  yield  stress  : 
hertzian  hardness. 


1-Materials  : 


Four  steels  are  tested  :  three  iron-chromium  alloys  and  one  iron-nickel-chromium  alloy  ;100Cr6, 
42CrMo4,  50CrV4  and  45NiCrMol7.  These  steels  are  in  quenched-tempered  state  before  laser 
treatment. 
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2-Used  Nd:YAG  laser  : 

It  is  a  two  kilowatt  continuous  Nd:YAG  laser  equiped  with  a  600  pm  optical  fiber  and  with  a  75 
mm  focal  distance  lens.  The  beam  energy  distribution  is  a  2.8  mm  diameter  flat  hat. 

To  be  able  to  use  in  the  future  a  three  kilowatt  laser  with  two  beams,  a  1.3  kW  incident  power  is 
chosen.  With  this  incident  power,  eleven  scanning  speeds  are  tested  (Im/min  to  2m/min)  to  obtain  a 
300pm  treated  depth.  L2m/min  scanmng  speed  is  selected  because  this  speed  gives  the  required 
affected  depth. 
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3-Proposed  model  : 


Built  on  the  resolution  of  the  fundamental  heat  conduction  equation  dependent  on  time  for  a  half 
infinite  medium,  the  following  model  is  used  [1]; 


AP.  f  ^ 


{x  +  vtf'  +y^ 


la  +  4at 


Aat 


/[  /af(2a^  +A(Xt'^dt 


whereas  a  is  the  thermal  diffusivity,  k  is  the  thermal  conductivity,  A  is  the  absorptivity,  Pi„c  is  the 
incident  power,  v  is  the  scanning  speed,  a  is  the  equivalent  laser  spot  and  the  (x,y,z)  is  the  cartesian 
coordinates. 

Thermal  parameters  are  invariable  in  the  considered  temperature  -field.  The  absorbed  laser 
energy  is  equivalent  to  a  surface  source  at  z  =  0. 

Finally,  the  depth  at  which  the  ACl  temperature  is  reached  can  be  predicted 


4-Comparison  between  test  and  model  results  : 

Laser  parameters  are  the  incident  power,  the  scanning  speed  and  the  laser  beam  diameter. 
Absorptivity  A  is  measured  by  a  powermeter  and  its  value  is  0.33.  The  mean  diffusivity  and 
conductivity  for  the  considered  temperature-field,  850°C-1150°C,  are  used  [2].  Then  the  measured 
penetrations  on  specimen  and  the  calculated  thermal  affected  zone  are  in  agreement  within  20%. 
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5-Structural  and  mechanical  affected  depth  characterization 
5-1-Structure 


After  laser  treatment,  structure  is  a  homogeneous  martensite. 
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5-2-Hardness 


treated  zone 

hardness 

maximum  minimum 

observation 

Hv50  Hv50 

42CrMo4 

875  775 

fiat 

100Cr6 

975  620 

decrease 

'  50CrV4  . 

900  570 

decraase 

45NiCrMol7 

810  610 

decrease 

Maximal  and  minimal  affected  depth  hardness  are  given  in  the  preceding  table.  The  shape  of  the 
hardness  curve  is  flat  or  decreasing  with  a  300  Hv  variation.  Only  the  42CrMo4  alloy  answers  the 
purpose  of  800  Hv  on  a  300pm  depth. 


5-3-Young’s  modulus  and  yield  stress 

The  treated  zone  Young's  modulus  and  yield  stress  are  obtained  by  hertzian  hardness,  a  method 
developed  by  V.  Malau  and  A.B.  Vannes  [3] 

5-3-1-Hertzian  hardness  apparatus  principle 

The  diagram  of  the  hertzian  hardness  apparatus  is  given  in  appendix. 

A  scale  pan  supports  weights  (ten  to  two  thousand  grams).  Loading  and  unloading  of  the 
indenture  apparatus  (the  small  ball)  is  provided  by  an  electric  motor  with  a  good  reproductibility. 
The  capacitive  sensor  allows  to  know  loading  and  unloading  displacement  with  a  practically 
infinite  resolution.  A  loading  and  unloading  cycle  is  given  in  appendix. 


5-3-2-Young’s  modulus  determination  [3] 


From  Hertz’s  theory  concermng  static  plane-sphere  contact,  a  relation  exists  between  a  the  contact 
radius  and  F  the  applied  load  : 

a  =(-— )F  (1) 

4^0 

a  is  the  contact  radius 
R  is  the  ball  radius 
F  is  the  applied  load 
Eo  is  the  equivalent  Young’s  modulus 


whereas 


(2) 


Eq  =  - T  H - 2 

°  1-v^  I-V2 

whereas  E,is  the  ball  Young’s  modulus  (310  Gpa),  v,  is  the  ball  Poisson’s  coefficient  (0.27) 
E,  is  the  studied  material  Young’s  modulus  and  v,  is  the  studied  material  Poisson’s  coefficient 

now  F  is  proportional  to  T  the  recorded  tension  from  capacitive  sensor 

therefore  a’  is  proportional  to  T 

so  a’  CT  whereas  C  is  a  proportionality  constant 

first,  C  is  obtained  with  a  reference  material  ;  Cl  .  =  ^'^ref 


secondly,  C  is  used  for  the  studied  material  :  —  CT^tud 

finally,  the  (1)  and  (2)  relations  allow  to  calculate  the  studied  material  Young’s  modulus  E, 


The  mean  E,  value  for  the  laser  treated  42CrMo4  alloy  is  220  GPa 


5-3-3-Yield  stress  determination  [3] 

The  relation  (1)  is  linear  up  to  a  limit  value  (aii„„  Fun,).  That  corresponds  to  an  elastic  behavior. 

„  _3Rf K.  ^ 

From  the  relation  (1)  we  obtain  the  relation  '■  Eq  — 


lim 


(3) 


Above  this  limit  a  new  curve  exists  and  corresponds  to  an  elastoplastic  behavior. 

In  the  case  of  a  plane-sphere  contact  with  an  infinitely  rigid  sphere  from  Hertz’s  theory  and  with  a 
Tresca’s  criterion,  a  linear  relation  exists  between  the  elastic  limit  a,  and  the  contact  radius  a  : 


4R 


y  o _ n/i  ,  ,2  ■ 


a  (4) 


37rRil-V2) 

The  relations  (2),  (3)  and  (4)  allow  to  calculate  the  material  yield  stress  Oy. 


With  this  method,  the  measured  42CrMo4  <j„  value  is  about  1 100  MPa. 


Conclusion  : 

Nd:YAG  laser  surface  hardening  brings  solutions  to  industrial  problems,  for  example  treatment  in 
line  machining  and  treatment  of  not  easily  accessible  zones. 

Therefore  we  pay  particular  attention  to  show  that : 

-a  fast  temperature-field  calculation  allows  to  estimate  the  treated  zone  depth  (within  20%) 

-the  required  hardness  is  obtained  (800  Hv  on  a  300[im  depth) 

-the  Young’s  modulus  and  the  yield  stress  of  the  SOOpm  treated  zone  is  measurable  by  an 
experimental  method,  hertzian  hardness. 
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ABSTRACT 

Recent  developments  in  rapid  prototyping  have  led  to  the  concept  of  laser  generating,  the  first  additive  manufacturing 
technology.  This  paper  presents  an  innovative  process  of  depositing  multi-layer  tracks,  by  fusing  successive  powder  tracks,  to 
generate  three  dimensional  components,  thereby  offering  an  alternative  to  casting  for  small  metal  component  manufacture.  A 
coaxial  nozzle  assembly  has  been  designed  and  manufactured  enabling  consistent  omni-directional  multi-layer  deposition.  In 
conjunction  with  this  the  software  route  fi'om  a  CAD  drawing  to  machine  code  generation  has  been  established.  The  part  is 
manufactured  on  a  six  axes  machining  centre  incorporating  a  1.8  kW  CO2  laser,  providing  an  integrated  opto-mechanical 
workstation.  The  part  build-up  program  is  controlled  by  a  PI 50  host  computer,  linked  directly  to  the  DNC  machining  centre. 
The  direct  manufacturing  route  is  shown,  including  initial  examples  of  simple  objects  (primitives  —  cube,  cylinder,  cone) 
leading  to  more  complex  turbine  blade  generation,  incorporating  build-up  techniques  and  the  associated  mechanical 
properties. 

Keywords:  laser  generating,  laser  cladding,  rapid  prototyping,  powder  deposition 

1.  INTRODUCTION 

The  principle  of  laser  cladding  has  led  to  the  development  of  Laser  Direct  Casting  (LDC).  Injecting  metallic  powder  into  a 
laser  generated  melt  pool  on  a  moving  substrate  produces  a  solidified  metal  track.  Deposition  of  successive  tracks  produces  a 
multi-layer  build.  Originally,  powder  was  delivered  through  a  single  pipe  into  the  melt  pool.  This  was  difficult  to  align  and 
only  provided  unidirectional  processing.  LDC  incorporates  a  novel  coaxial  nozzle  that  delivers  an  annulus  of  powder  around 
the  laser  beam  thus  permitting  omni-directional  movement.  The  powder  can  be  focused  into  the  melt  pool  by  varying  the 
axial,  powder  and  shrouding  gas  flows.  Scanning  the  melt  pool  by  moving  the  substrate  about  the  laser  produces  the  build 
path.  To  achieve  a  ‘down-hand’  weld  orientation  the  LDC  nozzle  remains  vertical  as  the  system  positions  the  component. 
Initial  three  axes  multi-layer  build  paths  have  produced  simple  objects  (i.e.,  primitives  —  cube,  cylinder,  cone,  pyramid).  Data 
obtained  proves  that  a  three  axes  system  is  not  capable  of  producing  multi-layered  walls  with  an  incline  greater  than  30°  to  the 
vertical.  This  presents  the  need  for  five  or  six  axes  to  generate  complex  geometry.  The  process  is  ideally  suited  for  industrial 
manufacturing  applications  such  as  rapid  manufacture  of  metallic  components,  complex  form  tools  or  as  a 
corrective/altemative  process  to  casting. 


2.  EXPERIMENTAL  PROCEDURE 

A  1.8kW  CO2  laser  was  used  in  conjunction  with  the  omni-directional  coaxial  cladding  technology  developed  at  Liverpool 
University.  An  omni-directional  nozzle,  consisting  of  three  annular  sections  (figure  1),  delivered  fluidised  metal  powder 
coaxially  into  the  melt  pool  on  the  surface  of  the  substrate.  A  motor  controlled  Archimedes  screw  feed  mechanism  was  used 
to  regulate  the  flow  of  metal  powder  to  the  process.  A  Cybaman  three  axes  positioning  system,  placed  on  a  Matrix  Churchill 
machining  centre  was  used  to  provide  the  and  3D  part  manipulation. 

Invented  by  Cybamatic,  the  Cybaman\  allows  unique  articulation  about  a  fixed  datum  in  space.  The  Cybaman  positioning 
system  comprises  three  rotational  axes.  The  datum  position  occurs  at  the  intersection  of  all  rotational  axes,  the  ’Null  point' 
(figure  1).  The  base  axis  supports  all  rotational  axes  and  provides  full  360°  rotational  movement  about  the  vertical  axis.  The 
inclined  axis,  offset  at  45°,  supports  the  table  axis.  This  facilitates  presentation  of  the  component  at  any  angle  between  the 
horizontal  and  vertical.  By  use  of  three  additional  linear  axes,  in  the  principle  planes  (X,  Y  and  Z),  it  is  possible  to  present 
any  surface  vector  parallel  to  the  tool  axis.  System  control  software  incorporates  an  intelligent  mathematical  algorithm^  that 
uses  3D  rotational  matrices  to  generate  six  axis  simultaneous  interpoIation^ 
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Vector  tool  paths  generated  by  AutoCADR13  are  translated  into  DNC  codes.  The  controller  then  moves  the  component  to  the 
laser  axis  with  the  predetermined  path. 


Figure  1 .  Laser  Direct  Casting  an  aerofoil  with  the  omni-directional  nozzle  on  the  six  axis  Cybaman 


3.  RESULTS 

Mild  steel  was  used  as  the  substrate  material  in  all  experiments.  Stainless  steel  powder  (316L)  was  used  for  the  process 
characterisation.  Using  the  DNC  system  single  and  multi-layer  cladding  trials  were  performed  to  optimise  the  process.  The 
deposited  structure  is  affected  by  processing  parameters  such  as  process  speeds,  laser  power,  powder  flow  rates,  shielding  gas 
(argon)  flow  rates,  laser  spot  size  and  substrate  stand-off  Experiments  to  produce  single  clad  tracks  were  performed  to 
establish  the  process  window  and  clad  geometry  necessary  for  multi-layer  build  strategies.  The  clad  geometry  is  strongly 
influenced  b}'  the  laser  power,  powder  flow  rate  and  processing  speed.  Nominally  within  the  ranges  of  0.5-1. 5  kW,  0.1-0.3  g/s 
and  500-1000  mm/min  respectively  to  obtain  individual  layer  dimensions  within  0.5-1, 5  mm.  The  width  of  the  clad  is  mainly 
determined  by  the  laser  spot  size. 

Multi-layer  clads  were  produced  and  gave  representational  results  of  the  single  clad  tracks.  Figure  2(a)  and  (b)  show  typical 
multi-layer  builds  from  stainless  steel  powder.  The  interface  region  between  layers  is  identified  by  a  white  strip.  The  circular 
geometry  of  each  layer  is  modified  to  a  shallower  curve  due  the  effect  of  depositing  the  next  layer.  The  clad  structure  is 
typical  of  cast  components,  directional  solidification  occurs  with  epitaxial  grain  growth  through  the  interface  region  and 
successive  layers.  The  length  of  the  grains  increases  significantly  as  the  depth  of  build  increases.  On  this  micrograph  there 
are  no  visible  pores  within  the  structure. 

Further  experiments  were  performed  with  other  metal  powders  including  cobalt  and  high  nickel  alloys.  Extensive  oxidation 
problems  were  solved  by  a  high  degree  of  gas  shielding.  All  powders  were  used  in  the  generation  of  components  to 
demonstrate  the  limitations  of  three  axis  generation. 
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Figure  2(b).  Longitudinal  section  of  a  10  layer  stainless 
steel  316L  build. 


Figure  2(a).  Cross  section  of  a  10  layer  stainless  Figure  2(c).  Limitations  of  three  axes  system  when 

steel  3 16L  build,  showing  epitaxial  grain  growth.  generating  a  stainless  steel  ‘house’  with  roof  inclined  at  45°. 


4.  DISCUSSIONS 

The  clad  geometry  is  strongly  affected  by  the  process  parameters,  ideally  a  clad  aspect  ratio  (height :  width)  of  1  :  2  should  be 
achieved.  In  addition  the  temperature  of  the  melt  pool  is  indirectly  responsible  for  the  layer  size.  A  temperature  rise  on  the 
process  path,  due  to  poor  heat  dissipation  will  increase  the  powder  catchment  and  therefore  the  layer  size.  A  solution  is  to  use 
a  closed-loop  power  control  system  to  maintain  a  constant  melt  pool  temperature. 

High  nickel  alloy  powders  are  considered  to  be  more  realistic  materials  for  industrial  component  requirements.  Oxidation 
problems  were  rectified  by  increased  inert  shrouding.  Sample  components  were  successfully  generated,  as  shown  in  figure 
3(a).  Typical  surface  roughness  value  of  Rg  =  40  pm  was  achieved  for  the  specimens  after  the  residual  powder  was  brushed 
fi-om  the  surface.  A  Vickers  hardness  value  of  HVnickd  ==  "^78  was  obtained. 

Multi-layer  walls  were  generated  to  test  the  maximum  degree  of  inclination  possible  on  a  three  axes  system.  By  depositing 
the  successive  layers  at  a  slight  overhang  a  sloped  surface  can  be  generated.  Data  obtained  proves  that  a  three  axes  system  is 
not  capable  of  producing  multi-layered  walls  with  an  incline  greater  than  30°  to  the  vertical.  In  the  example,  figure  2(c),  the 
overhanging  layers  do  not  fuse,  resulting  in  reduced  height  and  eventually  loss  of  desired  shape.  Any  complex  geometry  will 
only  be  possible  by  using  five  or  six  axes  systems. 

Simple  objects  were  produced  in  stainless  steel,  cobalt  and  nickel  (figure  3(a)).  Figure  3(b)  shows  a  post  processed  aerofoil 
component  generated  in  stainless  steel  316L.  The  component  was  manufactured  in  25  minutes  having  a  wall  thickness  of 
2mm  and  overall  height  of  50mm. 


755 


Figure  3.  (a)  Simple  nickel  alloy  components,  (b)  Aerofoil  manufactured  by  LDC  from  stainless  steel  (316L)  powder. 


5.  CONCLUSIONS 

Predictability  of  clad  geometry  is  of  great  importance  to  the  dimensional  accuracy  of  a  finished  component.  This  is  possible 
by  the  closed-loop  control  of  the  process  parameters  by  monitoring  the  melt  pool  temperature.  As  a  result  there  will  be  an 
improved  surface  finish.  The  manufacture  of  true  3D  components  is  only  achievable  with  a  five/six  axis  system.  Further 
research  into  3D  LDC  is  progressing.  An  example  is  shown  below. 


Figure  4(a)&(b).  A  LDC  ‘bowl’  manufactured  from  cobalt  using  the  six  axes  Cybaman  system.  Base  -  lOOxlOOmm 
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ABSTRACT 

A  chemical  oxygen-iodine  laser  (COIL)  was  used  for  cutting  aluminum  and  carbon  steel.  Cut  depths  of  20  mm  were 
obtained  in  aluminum  and  41  mm  in  carbon  steel  using  an  N2  gas  assist  and  5-6  kW  of  power  on  target.  The  same  laser  at 
the  same  power  level  produced  a  cut  depth  of  65  mm  in  carbon  steel  with  an  O2  gas  assist;  a  low  quality  cut  to  a  depth  of 
nearly  1 00  mm  in  carbon  steel  was  demonstrated.  These  data  are  compared  with  existing  COIL  and  CO2  laser  cutting  data. 
COIL  cuts  carbon  steel  and  stainless  steel  at  approximately  the  same  rate.  For  a  given  cut  depth,  power  and  spot  size,  COIL 
cuts  steel  approximately  three  times  faster  than  a  CO2  laser  using  an  inert  gas  assist.  COIL  cutting  speeds  in  carbon  steel  are 
improved  by  approximately  a  factor  of  three  when  an  O2  assist  is  used  in  lieu  of  an  N2  gas  assist.  With  an  N2  gas  assist, 
COIL  cuts  aluminum  at  approximately  the  same  rate  as  CO2  cuts  steel.  To  improve  the  agreement  between  data  and  an 
existing  theoretical  cutting  model,  an  empirical  correction  factor  was  added  to  the  model;  this  modification  provides  excellent 
agreement  with  data. 

Keywords:  laser  cutting,  materials  processing,  thick-section  cutting,  chemical  oxygen-iodine  laser,  COIL 

1.  INTRODUCTION 

Lasers  made  their  debut  for  materials  processing  in  1965.  Since  that  time,  materials  processing  with  CO2  and 
Nd:YAG  lasers  has  evolved  into  a  mature  technology.^  Other  laser  technologies  which  are  still  evolving  for  materials 
processing  applications  are  CO,  excimer,  HF/DF  and  the  chemical  oxygen-iodine  laser  (COIL).2"4  of  these  other  laser 
technologies,  COIL  is  of  particular  interest  because  of  its  short  wavelength  (1.315  pm),  high  scalable  continuous  wave  (cw) 
power,  and  excellent  beam  quality  (due  to  very  small  density  gradients  in  its  laser  cavity). 

The  short  wavelength  has  three  primary  advantages  over  CO2.  First,  the  shorter  wavelength  of  COIL  can  be  focused 
to  a  smaller  spot  size.  Second,  the  COIL  wavelength  couples  better  (higher  absorption)  with  materials  such  as  steel  and 
aluminum.^  Third,  the  COIL  wavelength  can  transmit  through  Si02  fiber  optics  with  a  loss  of  only  around  0.5  dB/km.^ 
While  the  capital  and  operating  costs  of  today’s  COIL  devices  may  make  them  economically  uncompetitive  with  CO2 
devices  in  the  low  to  mid  power  level  markets,  COIL  has  considerable  potential  for  high  power  (>  5  kW)  applications. 
Further,  while  Nd:YAG  effectively  has  the  same  wavelength  advantages  as  COIL,  there  are  presently  no  Nd:YAG  devices 
with  average  power  levels  in  excess  of  5  kW;  this  makes  NdiYAG  a  non-competitor  in  the  high  power  market. 

The  chemical  oxygen-iodine  laser  was  first  demonstrated  in  1977.^  Briefly  stated,  a  chemical  laser  is  a  device  which 
uses  a  series  of  chemical  reactions  to  obtain  excited  atoms  (or  molecules)  for  subsequent  lasing.  The  chemical  oxygen-iodine 
laser  (COIL)  utilizes  an  energy  transfer  from  the  singlet  delta  electronically  excited  state  of  oxygen  [02(*A)]  to  I2  to  dissociate 
the  iodine  molecule.  This  process  is  followed  by  an  energy  transfer  fi-om  other  02(*A)  molecules  to  the  liberated  iodine 
atoms,  thus  providing  the  energy  for  the  atomic  iodine  laser  transition  of  interest.  A  block  diagram  of  a  typical  COIL  system 
is  illustrated  in  Fig.  1.  Since  its  first  demonstration,  COIL  technology  has  evolved  and  matured  to  a  sophisticated  state  fiir 
military  applications.  Good  summaries  of  military  COIL  technological  development  are  provided  by  Truesdell  et  al.^  and 
Avizonis  and  Truesdell.'^  Meanwhile,  research  towards  making  COIL  an  industrial  device  began  in  the  latter  half  of  the 
1980’s.^  Long  duration,  high  power  industrial  COIL  operation  has  been  addressed  in  several  papers. General  issues 
associated  with  the  industrialization  of  COIL  were  discussed  by  Scott  and  Truesdell.*^ 

Recently,  COIL  cutting  data  has  appeared  in  the  literature.  Atsuta  et  al.^^  obtained  the  first  results  for  cutting 
stainless  steel  which  were  quite  promising.  Kar  et  alV  produced  a  more  complete  data  base  for  stainless  steel  cutting  with 
an  inert  gas  assist.  This  work  extends  the  COIL  cutting  data  base  to  include  data  for  cutting  aluminum  and  carbon  steel  with 
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an  N2  gas  assist,  and  for  carbon  steel  with  an  O2  gas  assist.  These  data  are  compared  with  existing  COIL  and  CO2  laser 
cutting  data  as  well  as  to  Kar  et  al}'^  cutting  theory. 
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Fig.  1  Block  diagram  illustrating  the  major  components  of 
a  typical  COIL  system. 


Fig.  2  The  experimental  set  up  for  the  thick  section  metal 
cutting  experiments  with  RADICL. 


2.  EXPERIMENTAL  SETUP 

The  Research  Assessment,  Device  Improvement  Chemical  Laser  (RADICL),  located  at  the  U.S.  Air  Force’s 
Phillips  Laboratory,  was  used  for  all  of  these  cutting  tests.  To  maximize  power  output,  a  stable  resonator  was  used  on 
RADICL  which  consisted  of  a  highly  reflective  10  m  radius  of  curvature  feedback  mirror  and  a  partially  reflective  flat 
outcoupler  spaced  3  m  apart.  Because  of  the  use  of  a  stable  resonator,  a  large  number  of  transverse  modes  were  present  in  the 
outcoupled  beam;  this  prevented  the  beam  from  being  focused  to  a  diffraction  limited  spot,  A  combination  of  lenses  was  used 
to  focus  the  beam  on  the  target.  Fig.  2.  The  target  was  situated  so  that  the  focal  point  was  located  1  mm  into  the  workpiece. 
The  rectangular  multimode  focal  spot  was  1.8  mm  wide  by  3.0  mm  long.  The  spot  was  horizontally  oriented  such  that  the 
leading  edge  of  the  spot  was  the  smallest  dimension.  The  power  on  target  ranged  from  5  to  6.5  kW. 

The  gas  assist  nozzle  for  all  tests  was  the  same  large  nozzle  used  by  Kar  et  The  nozzle  was  made  from  19.1 
mm  (0.75  inch)  diameter  stainless  steel  tubing  that  was  flattened  and  shaped  to  form  a  rectangular  nozzle.  The  nozzle  exit 
dimension  was  approximately  1.0  mm  by  22.9  mm.  The  gas  assist  nozzle  was  oriented  horizontally  so  the  long  dimension 
was  lined  up  with  the  cut  direction  (or  kerf)  and  was  fixed  at  a  45  degree  angle  from  normal  to  the  target,  Fig.  2.  The  gas 
assist  consisted  of  either  nitrogen  at  a  pressure  of  793  kPa  (115  psia)  or  oxygen  at  a  pressure  of  3 1 0  kPa  (45  psia). 

The  targets  for  the  tests  consisted  of  metal  plates  which  were  mounted  on  a  stepper  motor-controlled,  horizontal 
translation  stage  (capable  of  speeds  up  to  3.0  m/min)  and  scanned  through  the  focal  region  at  constant  speed.  Scans  were 
conducted  at  various  speeds  and  the  cut  depth  was  measured  later.  The  aluminum  targets  were  38.1  mm  (1.5  inches)  thick 
and  the  carbon  steel  targets  were  76.2  mm  (3  inches)  thick.  For  one  test,  a  101.6  mm  (4  inches)  carbon  steel  target  was 
used.  None  of  the  data  reported  in  this  work  actually  cut  through  the  entire  thickness  of  the  target.  Since  it  is  possible  that 
slightly  higher  cut  speeds  might  be  obtained  when  a  complete  cut  is  made  and  molten  material  is  allowed  to  blow  out  the 
back  of  the  cut,  these  data  may  represent  a  slight  underestimate  of  COIL  cutting  speeds. 

3.  ALUMINUM  AND  CARBON  STEEL  EXPERIMENTS  AND  COMPARISON  WITH  OTHER  CUTTING  DATA 

Before  any  aluminum  or  carbon  steel  cutting  tests  were  performed,  two  cuts  were  made  in  stainless  steel  to  verify 
that  the  experimental  setup  and  conditions  were  comparable  to  those  of  Kar  et  alV  The  two  tests  gave  results  which  fall 
directly  on  Kar’s  cutting  data,  Fig.  3.  Six  cutting  tests  were  then  made  into  carbon  steel  (A36)  with  a  nitrogen  gas  assist  at 
various  cutting  speeds  v.  Fig.  3.  The  cut  speeds  varied  from  0.03  to  1.0  m/min.  As  expected,  for  a  relatively  constant 
power  level  (5.7-6.5  kW)  and  spot  size,  as  the  the  scanning  speed  increases,  the  cut  depth  decreases.  The  average  kerf  widths 
were  1.65-2.54  mm  with  the  larger  kerf  widths  occurring  for  the  slower  cutting  velocity  cases.  It  is  clear  from  Fig,  3  that 
COIL  cuts  carbon  steel  and  stainless  steel  at  approximately  the  same  rate;  this  result  is  most  likely  a  tradeoff  between  the 
effects  ofa  higher  absorption  coefficient  (more  power  absorbed)  and  a  higher  thermal  conductivity  (more  energy  dissipated)  in 
carbon  steel  than  in  stainless  steel.  Figure  3  presents  a  comparison  of  inert  gas  assist  steel  cutting  with  a  COIL  versus  that 
with  a  CO2  laser.  Most  importantly,  this  figure  shows  that  COIL  cuts  steel  faster  than  CO2  by  approximately  a  factor  of  3 
for  a  fixed  d/P  and 
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Fig.  3  Comparison  of  inert  gas  assist  steel  cutting  data 
with  a  COIL  device  and  with  a  CO2  laser. 


Fig.  4  Comparison  of  O2  gas  assist  carbon  steel  cutting 
data  with  a  COIL  device  and  with  a  CO2  laser. 


A  comparison  of  these  data  with  Nd:YAG  cutting  data  from  Ref  18  indicates  that  COIL  and  Nd:YAG  cut  steel  at 
approximately  the  same  rate  (not  shown).  Since  the  wavelength  of  COIL  (1.315  ^im)  and  NdiYAG  (1.06  p.m)  are  roughly 
the  same,  this  is  not  a  surprising  result. 

Four  cutting  tests  were  then  made  into  carbon  steel  (A3  6)  with  an  oxygen  gas  assist  at  various  cutting  speeds  v. 
Fig.  4.  For  safety  reasons,  the  assist  pressure  was  reduced  to  310  kPa  (45  psia)  to  reduce  the  amount  of  reaction  with 
oxygen.  The  cut  speeds  varied  from  0.12  to  1.0  m/min.  Again,  as  expected,  for  a  relatively  constant  power  level  (5.7-7.2 
kW)  and  spot  size,  as  the  the  scanning  speed  increases,  the  cut  depth  decreases.  The  kerf  widths  at  the  front  free  of  the 
workpiece  were  notably  larger  (2.0-2.5  mm)  when  the  O2  assist  was  used.  For  the  O2  assist  tests,  the  cut  quality  was 
significantly  reduced  from  that  of  the  inert  gas  experiments.  The  use  of  more  sophisticated  oxygen  assist  technology  would 
probably  result  in  a  higher  quality  cut.  A  comparison  of  Figs.  3  and  4  shows  that  the  O2  gas  assist  substantially  improves 
the  cutting  speed  for  a  given  power,  cut  depth,  and  kerf  width;  for  a  fixed  d/P  and  there  is  approximately  a  factor  of  3 
increase  in  cutting  speed  with  the  O2  gas  assist  above  that  when  using  an  inert  gas  assist.  A  comparison  of  O2  gas  assist 
steel  cutting  with  a  COIL  versus  that  with  a  CO2  laser246  and  an  Nd:YAG  laser*^  is  shown  in  Fig.  4.  With  an  oxygen  gas 
assist  and  for  a  fixed  d/P  and  COIL  cuts  approximately  2  to  3  times  faster  than  a  CO2  laser.  As  found  for  an  inert  gas 
assist,  COIL  and  Nd:YAG  also  cut  carbon  steel  at  approximately  the  same  rate  when  using  an  oxygen  gas  assist. 

A  long  duration  test  was  performed  to  cut  a  4”x4”x4”  block  of  carbon  steel  at  a  speed  of  0. 107  m/min.  Because  cf 
thermal  management  issues  associated  with  the  long  run  time  of  the  RADICL  laser,  the  power  level  for  this  test  was  only  5.4 
kW.  The  O2  gas  assist  pressure  was  increased  to  483  kPa  (70  psia)  to  improve  the  momentum  transfer  through  the 
workpiece.  While  there  was  a  significant  amount  of  melting  of  the  workpiece  during  this  test  (making  it  difficult  to 
adequately  judge  a  kerf  width),  the  beam  cut  to  a  depth  of  96.5  mm.  The  amount  of  melting  was  most  likely  enhanced  by 
the  increase  in  the  oxygen  assist  pressure.  Despite  the  low  quality  of  the  cut,  this  test  demonstrates  the  ability  of  COIL  to 
cut  fairly  thick  steel. 

Six  cutting  tests  were  made  into  aluminum  with  a  nitrogen  gas  assist  at  various  cutting  speeds  v,  Fig.  5  The  cut 
speeds  varied  from  0.03  to  1.50  m/min.  As  anticipated,  for  a  relatively  constant  power  level  (5-6.3  kW)  and  spot  size,  as  the 
the  scanning  speed  increases,  the  cut  depth  decreases.  All  of  the  kerf  widths  were  1.65-1.78  mm  (approximately  the  beam 
spot  width).  Figure  5  shows  that  COIL  cuts  aluminum  nearly  as  fast  CO2  cuts  steel. This  finding  may  have  important 
implications  for  COIL  as  an  excellent  laser  for  aluminum  cutting/welding/drilling  applications. 


by 


4.  COMPARISON  AND  MODIFICATION  TO  THEORETICAL  MODEL 

A  simple  mathematical  model  of  laser  cutting  was  developed  by  Kar  et  The  general  form  of  the  theory  is  given 


d  a 

P  w^v  + 


(1) 
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where  d  is  the  kerf  depth  given  in  units  of  mm,  is  the  kerf  width  given  in  units  of  mm,  v  is  the  velocity  of  the  scanning 
laser  beam  in  m/min,  and  P  is  the  power  of  the  incident  laser  beam  in  kW,  Fig.  6.  The  a  term  represents  the  ratio  of  energy 
absorbed  to  the  energy  required  for  melting  the  solid  material.  The  P  term  describes  the  ratio  of  the  heat  energy  conducted 


Using  thermophysical  properties  found  in  Refs.  19-21  and  an  absorption  coefficient  of  0.25,  the  constants  cc  and  P 
are  computed  to  be  a  =2.08  and  ^=0.57  for  stainless  steel.  For  comparison,  Eq.  (1)  is  plotted  in  Fig.  7  for  stainless  steel 
using  two  values  of  the  absorption  coefficient  .4,  0.25  and  0.40  (a  =3.33).  Depending  upon  the  surface  roughness  of  the 
workpiece,  absorptivities  of  0.29  to  0.54  for  steel  have  been  measured  at  1.06  pm'*  (near  the  COIL  wavelength  of  1 .3 15  pm). 
Regardless  of  the  absorption  coefficient,  it  is  clear  from  Fig.  7  that  Eq.  (1)  models  the  data  reasonably  well,  but  tends  to 
curve  upwards  too  steeply  for  lower  values  of  w^v  [this  effect  is  a  consequence  of  the  feet  that  Eq.  (1)  goes  to  infinity  as  w^v 
goes  to  zero].  Thus,  it  appears  that  there  is  an  effect  unaccounted  for  in  Kar’s  theory  which  becomes  more  significant  at 
smaller  values  of  w^v. 

An  empirical  modification  to  the  theory  is  to  simply  add  a  constant  y  to  the  denominator  of  the  right  hand  side  cf 


Eq.  (1), 

d  _ a _ 

P  Wj^v  +  P^Jw|^v  +  y 


(2) 


Using  an  absorptivity  of  0.40  (a  =3.33)  and  setting  y  =  0.22,  Eq.  (2)  provides  an  excellent  fit  to  the  stainless  steel  data. 
Fig.  7.  Of  course,  the  drawback  to  such  a  modification  is  that  yis  an  empirical  constant  which  will  change  from  material  to 
material  and  probably  change  for  different  wavelengths.  The  physical  significance  of  such  a  term  may  be  a  more  accurate 
treatment  of  the  conduction  term  in  Kar’s  model.  Other  possibilities  are  the  inclusion  of  convection,  radiation  or  plasma 
absorption,  which  were  all  assumed  negligible  in  the  derivation  of  Eq.  (1).  A  more  formal  derivation  of  the  y  term  will  be 
left  as  the  subject  of  another  paper. 

For  carbon  steel,  using  thermophysical  properties  found  in  Refs.  19-21  and  an  absorption  coefficient  A  of  0.40,  the 
constants  a  and  p  are  computed  to  be  a  =3.40  and  j8  =1.28.  When  Eq.  (1)  is  plotted  (not  shown)  for  carbon  steel  using  two 
values  of  the  absorption  coefficients,  0.40  and  0.55  (a  =4.68),  the  character  of  the  curves  are  very  similar  to  those  of  Fig.  7. 
Joeckle  et  al.^  found  that  the  absorptivity  of  iron  was  approximately  3%  higher  than  stainless  steel  at  1.06  pm.  Therefore  it 
is  reasonable  to  assume  that  a  likely  absorptivity  range  for  carbon  steel  (similar  to  iron)  will  be  a  few  percent  higher  than 
stainless  steel,  probably  in  the  range  0.30  to  0.55.  The  actual  workpieces  of  carbon  steel  which  were  used  did  have  a  dark 
iron-oxide  layer  which  may  increase  the  absorptivity;  therefore,  a  reasonable  absorption  coefficient  for  the  carbon  steel  data 
should  be  around  0.40-0.55.  Eq.  (1)  models  the  data  reasonably  well,  but  again  tends  to  curve  upwards  too  steeply  for  lower 
values  of  w^v.  Using  Eq.  (2),  an  absorptivity  of  0.55  (a  =4.68)  and  setting  y=  0.15  provides  abetter  fit  to  the  carbon  steel 
data  (not  shown).  From  a  theoretical  standpoint,  the  feet  that  COIL  cuts  carbon  steel  at  approximately  the  same  rate  as 
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stainless  steel  is  primarily  a  tradeoff  between  the  effects  of  a  higher  absorption  coefficient  (more  power  absorbed)  and  a  higher 
thermal  conductivity  (more  energy  dissipated)  in  carbon  steel  than  in  stainless  steel. 

Using  thermophysical  properties  found  in  Refs,  19-21  and  an  absorption  coefficients  of  0.13,  the  constants  a  and 
are  computed  to  be  a -2.91  and  /3  =2.40  for  aluminum.  For  comparison,  Eq.  (1)  is  plotted  in  Fig.  8  for  aluminum  using 
two  values  of  the  absorption  coefficients,  0.13  and  0.18  (a  =4.1 1).  Fujioka^  indicates  an  absorption  coefficient  of  roughly 
0. 1 8  for  aluminum  with  a  commercial  roughness  at  the  COIL  wavelength.  It  is  clear  from  Fig.  8  that  Eq.  (1)  models  the  data 
reasonably  well,  but  again  tends  to  curve  upwards  too  steeply  for  lower  values  of  A  better  fit  to  the  aluminum  data  is 
obtained  with  Eq.  (2),  an  absorptivity  of  0.18  (a  =4.11)  and  setting  y  =  0.22,  Fig.  8,  Since  there  are  only  six  aluminum 
data  points,  it  is  difficult  to  establish  a  better  overall  fit  to  the  data. 


Fig.  7  Comparison  of  inert  gas  assist  stainless  steel  COIL  Pig  g  Comparison  of  inert  gas  assist  aluminum  COIL 
cutting  data  with  theory.  cutting  data  with  theory. 


5.  SUMMARY  AND  CONCLUDING  REMARKS 

A  chemical  oxygen-iodine  laser  (COIL)  was  used  for  cutting  aluminum  and  carbon  steel;  these  data  represent  an 
addition  to  the  minimal  COIL  cutting  database  which  exists  for  stainless  steel.  Cut  depths  of  20  mm  were  obtained  in 
aluminum  and  41  mm  in  carbon  steel  using  an  N2  gas  assist  and  5-6  kW  of  power  on  target.  The  same  laser  at  the  same 
power  level  produced  a  cut  depth  of  65  mm  in  carbon  steel  with  an  O2  gas  assist;  a  low  quality  cut  to  a  depth  of  nearly  100 
mm  in  carbon  steel  was  demonstrated. 

COIL  cuts  carbon  steel  and  stainless  steel  at  approximately  the  same  rate.  When  these  data  are  compared  with 
existing  CO2  laser  cutting  data,  it  is  found  that  for  a  given  cut  depth,  power  and  spot  size,  COIL  cuts  steel  approximately 
three  times  faster  than  a  CO2  laser  using  an  inert  gas  assist.  COIL  cutting  speeds  in  carbon  steel  are  improved  by 
approximately  a  factor  of  three  when  an  O2  assist  is  used  in  lieu  of  an  N2  gas  assist.  With  an  N2  gas  assist,  COIL  cuts 
aluminum  at  approximately  the  same  rate  as  CO2  cuts  steel.  This  finding  may  have  important  implications  for  COIL,  as  an 
excellent  laser  for  aluminum  cutting/welding/drilling  applications. 

COIL  and  Nd:YAG  cut  steel  at  approximately  the  same  rate  when  using  either  an  inert  or  an  oxygen  gas  assist. 
Since  the  wavelength  of  COIL  and  Nd:YAG  are  roughly  the  same,  this  is  not  a  surprising  result.  However,  Nd:YAG  has 
power  levels  which  are  limited  to  roughly  5  kW  or  less  (at  the  present  time)  and  as  such  it  is  difficult  (if  not  impossible)  fir 
NdiYAG  to  cut  very  thick  steel.  Since  COIL  cuts  metal  faster  than  CO2  lasers,  and  Nd:YAG  lasers  are  presently  limited  in 
power  level,  COIL  has  considerable  potential  as  a  high  power  (>  5  kW)  industrial  laser. 

These  data  were  compared  with  an  existing  laser  cutting  model.  Using  thermophysical  data  for  stainless  steel, 
carbon  steel  and  aluminum,  this  theory  agrees  reasonably  well  with  the  data.  However,  there  is  some  divergence  between  the 
model  and  data  for  low  values  of  w^v.  To  improve  the  agreement  between  the  model  and  data  at  lower  values  of  an 
empirical  correction  factor  was  added  to  the  existing  cutting  theory;  this  modification  produced  excellent  agreement  with  the 
data.  A  more  formal  derivation  of  this  additional  term  will  be  left  as  the  subject  of  another  paper.  The  theory  still  needs  to 
have  a  reactive  term  added  to  model  O2  gas  assist  data. 

To  obtain  a  better  value  for  the  empirical  correction  factor  /as  a  function  of  the  material  being  cut,  more  carbon  steel 
and  aluminum  data  should  be  taken.  The  acquisition  of  more  data  using  a  shorter  focal  length  lens  arrangement  and  a  beam 
with  fewer  transverse  modes  is  desirable.  Improvements  to  the  oxygen  assist  technique  should  be  made  and  more  data  taken 
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with  an  O2  gas  assist.  Undoubtedly,  much  can  be  learned  from  existing  CO2  reactive  gas  assist  cutting  technology.  One 
possibility  is  to  use  an  air  gas  assist  with  around  1000  kPa  (145  psia)  plenum  pressure.  Such  a  high  pressure  air  assist 
would  provide  roughly  the  same  amount  of  oxygen  as  used  in  these  tests,  but  would  provide  a  larger  momentum  with  which 
to  blow  molten  material  out  of  the  cut,  as  well  as  increase  the  convective  heat  loss;  these  effects  should  reduce  the  amount  of 
reactive  melting  in  the  workpiece  and  improve  the  quality  of  the  cut.  Another  possible  improvement  is  the  commonly  used 
practice  of  cutting  downwards  (rather  than  horizontally);  this  allows  gravity  to  help  pull  molten  material  out  of  the  cut 
region. 
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ABSTRACT 

The  most  widely  used  high  power  industrial  lasers  are  Nd:YAG  and  CO2  lasers.  Chemical  Oxygen 
Iodine  Laser  (COIL),  whose  wavelength  (1.315  pm)  is  between  that  of  YAG  (1.06  pm)  and  CO2  (10.6  pm)  lasers, 
is  another  high  power  laser  for  industrial  applications.  The  cutting  capability  of  these  lasers  is  investigated.  The 
cut  depth  depends  strongly  on  the  absorptivity  of  materials,  kerf  width  and  cutting  speed.  Absorptivity  is  an 
unknown  parameter  for  which  experimental  data  at  high  temperatures  are  unavailable.  Theoretical  values  of  the 
absorptivities  of  various  metals  are  obtained  using  Hagen-Ruben’s  relation.  It  is  found  that  the  absorptivity  of 
metals  is  linearly  proportional  to  the  square  root  of  resistivity  and  inversely  proportional  to  the  square  root  of  the 
wavelength.  The  absorptivities  of  COIL  and  YAG  lasers  are  2.84  and  3.16  times  larger  than  that  of  COj  laser, 
respectively.  Based  on  the  theoretical  values  of  absorptivity,  the  cut  depth  of  metals  are  analyzed  for  various  laser 
powers,  cutting  speeds  for  these  lasers.  Due  to  the  wavelength  dependence  of  absorptivity,  the  cut  depths  for 
COIL  and  YAG  lasers  are  expected  to  be  2.84  and  3. 16  times  deeper  than  that  for  CO2  laser. 

Keywords:  absorptivity,  cutting  capability,  CO2  laser,  COIL,  YAG  laser,  high  power 


1.  INTRODUCTION 

Laser  cutting  is  one  of  most  popular  ^plications  of  high  power  lasers  [1-3].  CO2  and  YAG  lasers  are 
recognized  as  major  lasers  for  metal  cutting  [2-3].  Chemical  Oxygen-Iodine  Laser  (COIL)  invented  by 
McDermott  et  al.  in  1977  [4]  has  the  advantage  of  both  the  high  power  of  CO2  laser  and  short  wavelength  of  YAG 
laser.  COIL  can  generate  power  as  high  as  a  CO2  laser  and  its  wavelength  (1.315  pm)  is  close  to  that  of  YAG 
laser.  Since  COBL  and  CO2  are  flowing  gas  lasers,  they  can  have  near  diffraction-limited  optical  quality  at  very 
high  powers.  That  is,  they  are  not  limited  by  thermal  defocusing  as  the  power  increases.  A  COIL  beam  can  be 
focused  to  a  smaller  spot  than  a  CO2  laser  beam  to  produce  higher  intensity  for  a  given  power  because  of  the 
shorter  wavelength.  Also,  due  to  shorter  wavelength,  the  absorptivity  of  a  materials  at  the  wavelength  of  COIL  is 
higher  than  that  at  the  wavelength  of  CO2  laser.  In  conqiarison  to  a  Nd:YAG  laser,  the  absorptivity  of  a  material 
for  COIL  is  slightly  less  than  that  for  the  Nd:YAG  laser  due  to  the  shorter  wavelength.  Also,  a  Nd:YAG  laser 
beam  can  be  focused  to  a  smaller  spot  and  therefore,  it  can  produce  higher  intensity  than  a  COIL  beam  for  a  given 
power. 


The  material  processing  capability  of  COIL  was  investigated  by  Atsuta  et  al.  [5]  using  the  ALEC  COIL 
to  cut  stainless  steel  up  to  5  mm  thick.  They  demonstrated  that  the  cutting  capability  of  a  1  kW  COIL  is 
equivalent  to  that  of  a  1  kW  Nd:YAG  laser  and  about  2.5  times  better  than  a  1  kW  CO2  laser.  Other  studies  on 
cutting  with  COIL  can  be  found  in  Refs.  [6-9].  This  paper  is  concerned  with  the  cutting  capability  of  the  CO2, 
COIL  and  YAG  lasers. 


2,  ABSORPTIVITY  OF  METALS 

The  absorptivity  of  materials,  which  is  an  important  parameter  in  laser  materials  processing,,  depends  on 
the  temperature,  phase  of  the  material  and  the  surface  conditions  of  the  woriqriece.  However,  the  surface 
condition  has  little  effect  on  the  absorption  of  laser  energy  in  the  case  of  cutting  and  welding  because  the  surface 
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of  the  workpiece  melts  in  a  very  short  time  after  the  high  power  laser  irradiation  begins.  In  this  study,  the 
absorptivities  for  CO2,  COIL  and  YAG  lasers  are  obtained  by  using  the  Hagen-Ruben  relation  as  given  below 


Aco,  =  n2.2fp 

(1) 

A:o]l  ~  318.43-Jp 

(2) 

Ayag  =  354.67 fp 

(3) 

For  aluminum, 

p=  lor^ (-1.0+ 1.25  X  lO'^T)  (Q-m) 

for  273K^  933  K 

(4) 

p=  10'^ (10.7+  1.45xlO~^T)  (Cl-m) 

for  933  1473K 

(5) 

and  for  stainless  steel. 

p=  10^ (60+ 5  X  lO-^T)  (Q.-m) 

for  273K^  1700 K 

(6) 

Using  Eqs.  (1)  and  (4-8),  the  absorptivity  for  aluminum  is  found  to  be  1.86,  5.28  and  5.88  at  the  room  temperature 

and  6.4,  18.2  and  20.2  at  the  melting  temperature  for  CO2,  COIL  and  YAG  lasers  respectively.  Similarly,  the 
absorptivities  for  stainless  steel  are  9.72,  27.57  and  30.72  at  the  room  temperature  and  14.0,  39.7  and  44.2  at  the 
temperature  of  solid  phase  change  (phase  P)  for  CO2,  COIL  and  YAG  lasers  respectively. 


3.  RESULTS  AND  DISCUSSION 


The  values  of  c,,  ij.  L„  T„  k.  a  are  2.7x10^  kg/m^  8.99x10^  J/kgK,  1.13xl0’  J/kg,  9.7xl0"  J^g,  633 
K,  92  W/mK,  3.8x  10'^  m^/s  respectively  for  aluminum,  and  the  values  of  po,  c^,  £4,  L„  T„  k,  a  are  7.9x  10^  kg/m^, 
5.02x10^  J/kgK,  6.95x10®  J/kg,  3x10®  J/kg,  1700  K,  30.4  W/mK,  4.9x10'®  m^/s  respectively  for  stainless  steel.  Kar 


et  al.  [6]  presented  the  following  expression  to  predict  the  cutting  usability  of  hi^  power  lasers. 

A, 

^  m+As-Im 


(7) 


where  the  coefficients  Aq  and  are  defined  as 
,  lO^A 


(7a) 


A3  =  4.08  X  l(r^x 


1  w,+  2lk(Tr„-To) 

^  -/iwi,  2-Ja 


(7b) 


and  do  =  1.67  x  10  ^po[Qp(Tm-  To)+  Lm+  ?>Lb]  (7c) 

Here,  d,  I  and  w*  are  given  in  imits  of  mm,  v  is  in  m/min  and  P  is  in  kW.  All  other  variables  are  in  SI  units.  The 
mathematical  model  is  based  on  the  rectangular  cross-section  of  COIL  beam.  To  compare  the  cutting  capabilities 
of  COIL,  CO2  and  YAG  lasers,  it  is  assumed  that  the  CO2  and  YAG  laser  beams  are  focused  to  rectangular  spots 
by  using  appropriate  focusing  lens.  It  should  be  noted  that  .<45  is  the  coefficient  of  the  conduction  heat  loss  term. 
Although  As  can  be  calculated  using  Eq.  (7b),  it  can  be  used  as  an  adjustable  parameter  to  ^proximately  account 
for  all  heat  losses. 


Figures  1-4  show  the  increase  in  absorptivity  and  the  improvement  in  cutting  capability  of  the  COIL  and 
YAG  lasers  compared  to  the  CO2  laser  for  various  metals.  These  figures  also  show  the  variation  of  conduction 
heat  loss  with  temperatures.  The  absorptivities  of  COIL  and  YAG  lasers  are  2.84  and  3.16  times  higher  than  that 
of  CO2  laser,  respectively.  The  cut  depths  of  COIL  and  YAG  lasers  are  also  expected  to  be  2.84  and  3.i6  times 
deeper  than  that  of  CO2  laser  since  the  cut  depth  expressed  in  Eq.  (6)  is  linearly  proportional  to  absorptivity.  This 
is  based  on  the  assumption  that  the  incident  laser  beam  is  normal  to  the  surface  of  the  woikpiece  and  is  reflected 
by  the  flat  surface.  However,  it  should  be  noted  that  the  total  absorption  of  laser  energy  by  the  woikpiece  depends 
on  (i)  the  absoiptivity,  and  (ii)  the  effect  of  the  geometry  around  the  cut  region.  For  large  cut  depth  in  thick- 
section  workpieces,  ^e  total  absorption  of  laser  energy  will  increase  due  to  multiple  reflections  of  the  incident 
beam  in  the  kerf.  For  example,  the  absorption  can  be  very  high  (almost  100%)  in  laser  key-hole  welding 
irrespective  of  the  thermophysical  and  optical  properties  of  the  woikpiece.  Because  of  this  increase  in  the 
absorption  of  laser  energy  due  to  the  geometrical  effect,  the  cut  depth,  in  practice,  will  be  a  little  higher  than  that 
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derived  from  this  model  for  thick-section  workpieces.  For  thick-section  cutting,  the  increase  in  the  absorption  of 
laser  energy  may  improve  the  cutting  capability  of  CO2  laser  more  than  that  for  COIL  and  YAG  lasers.  This  is 
because  the  absorption  will  become  100%  for  all  lasers  and  for  thick-section  due  to  multiple  reflections  of  the 
laser  beam  around  the  cut  region.  Therefore,  the  cutting  capability  of  COIL  and  YAG  laser  are  e?q)ected  to  be 
smaller  than  2.84  and  3.16  times  that  produced  by  the  CO2  laser  respectively  [5]. 

4,  CONCLUSIONS 

The  absorptivity  of  materials  is  linearly  proportional  to  the  square  root  of  resistivity  and  inversely 
proportional  to  the  square  root  of  wavelength  as  expressed  by  the  Hagen-Ruben  relation.  The  variation  of 
absorptivity  with  the  wavelength  of  the  incident  radiation  and  the  temperature  and  phase  of  the  workpiece 
indicates  that  the  absorptivities  of  metals  for  COIL  and  YAG  laser  are  2.84  and  3.16  times  higher  than  that  for 
CO2  laser  respectively.  For  identical  cutting  parameters,  the  cut  depths  produced  by  COIL  and  YAG  laser  are 
almost  identical  and  are,  respectively,  2.84  and  3.16  times  deeper  than  that  for  CO2  laser.  Tire  differences  in  the 
cutting  capability  of  the  COIL,  CO2  and  YAG  lasers  decrease  at  high  speed  cutting,  and  for  thick-section  cutting 
due  to  multiple  reflections  around  the  cut  region. 

Nomenclature:  A  -  Absorptivity  of  metals,  Aco2„  Acai.  Ayag  -  Absorptivities  for  CO2,  COIL  and  YAG  lasers,  c 
Speed  of  light  in  vacuum,  Cp  -  Specific  heat  of  metals  at  constant  pressure,  d  -  Kerf  depth,  k  -  Thermal 
conductivity,  /  -  Length  of  the  rectangular  laser  beam,  Zj  -  Latent  heat  of  boiling,  L„  -  Latent  heat  of  melting,  P  - 
Power  of  the  incident  laser  beam,  T„  -  Initial  temperature  of  metals,  T„  -  Melting  temperature  of  metals,  Tj,  - 
Boiling  temperature  of  metals,  v  -  Velocity  of  the  cutting,  Kerf  width 

Greek  Symbols;  a  -  Theniisd  diffiisivity  of  the  metals,  p  -  Boiling  coefficient,  the  fraction  of  the  kerf  width  above 
the  boiling  temperature  (;:  turning  P=0.1),  So  -  Permittivity  of  free  space,  eo=l/(367txlO®)  F/m,  K  -  Wavelength  of 
laser  in  vacuum,  p  -  DC  csistivity  of  the  metals,  po  -  Density  of  the  materials,  cd  -  Angular  frequency  of  the 
monochromatic  radiation,  <i>=2nvo^ 
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Fig.  1 ,  Absorptivity  of  CO^,  COIL  and  YAG  lasers 
and  coefficient  A^  for  aluminum. 
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Fig.  2.  CO^,  COIL  and  YAG  laser  cutting  of  aluminum.  The  experimental  data 
are  for  cutting  aluminum  using  COIL  and  as  the  cutting  gas  {6], 


Fig.  3.  Absorptivity  of  CO^,  COU  and  YAG  lasers 

and  coefficient  A^  for  stainless  steel  (AISI 304).  Fig.  4.  CO^ ,  COIL  and  YAG  laser  cutting  of  stainless  Steel  (AISI 304).  The  experimental 

data  are  for  cutting  400-scries  stainless  steel  using  COIL  and  as  the  cutting  gas. 
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ABSTRACT 


The  integration  of  adaptive  optics  into  the  working  head  of  a  CO2  laser  machine  allows  the  variable  adjustment 
of  the  focus  position  in  relation  to  the  workpiece.  The  parallel  gas  flow  produced  by  Laval  nozzles  allows  the  laser 
cutting  with  a  nozzle  distance  of  up  to  15  mm.  A  new  method  for  laser  cutting  of  three  dimensional  workpieces 
is  possible  by  a  specially  designed  working  head  with  adaptive  optics  and  Laval  nozzles. 

Keywords:  CO2  laser,  laser  cutting,  Laval  nozzle,  adaptive  optics,  3D  processing,  production  systems 


1.  INTRODUCTION 

The  technology  of  three-dimensional  laser  cutting  is  applied  in  short-run  productions  as  well  as  mass  productions 
for  example  in  applications  of  the  automotive  industry.  Modern  laser  systems  have  devices  for  the  adjustment 
of  the  process  parameters.  Focus  position  and  working  distance  are  usually  kept  constant  by  a  capacitive  closed 
loop  control.  A  common  solution  for  the  cutting  of  edges  is  the  reduction  of  the  cutting  speed  and  laser  output 
power  and  the  inclination  of  the  cutting  head  against  the  normal  of  the  workpiece  surface.^  Nevertheless  there 
remains  a  category  of  workpiece  elements,  where  conventional  laser  system  technology  is  not  sufficient.  Examples 
are  crimps  and  the  inner  contour  of  edges:  the  geometry  of  the  workpiece  doesn’t  allow  the  processing  as  required 
for  optimum  cut  quality.  For  the  cutting  of  the  inner  contour  of  an  edge  the  nozzle  cannot  be  kept  at  the  required 
distance  in  order  to  avoid  collisions  with  the  workpiece.  A  new  method  for  the  laser  cutting  of  these  workpieces 
is  possible  with  a  system  with  variable  focus  position  and  nozzle  distance.  The  setup  of  a  focussing  head  with 
variable  focus  position  through  the  integration  of  adaptive  optics  is  discussed.  The  characterisation  of  Laval 
nozzles  for  the  laser  beam  cutting  with  variable  working  distances  allows  the  demonstration  of  this  method  for 
contoured  workpieces  and  inner  edges. 


2.  SETUP  OF  THE  WORKING  HEAD 


In  laser  materials  processing  so  called  adaptive  optics  are  copper  mirrors  with  a  variable  focal  length.  The 
deformation  of  the  mirror  plate  can  be  mechanically  controlled  by  the  variation  of  the  coolant  pressure^  or  by  an 
piezoelectric  actuator  which  is  placed  centrically  at  the  backside.^  Adaptive  optics  have  been  successfully  used  in 
laser  beam  cutting  for  the  compensation  of  varying  beam  paths  length  between  laser  source  and  focussing  optics 
in  systems  with  flying  optics.^  Another  application  is  the  variable  focus  shift  which  is  achieved  by  integrating 
the  adaptive  optics  into  the  working  head.^’^  In  the  following  setup  adaptive  optics  from  Diehl  (Nuremberg, 
Germany)  are  used.  The  mirror  plate  is  deformed  by  a  piezoelectric  actuator  which  allows  frequencies  of  up  to 
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200  Hz.  With  actuator  strokes  from  -20  //m  to  -h20  fim  this  type  of  adaptive  optics  has  a  focal  length  from  +2.5 
m  to  oo  to  -2.5  m. 

The  system  was  designed  to  achieve  a  variable  focus  shift  with  minimum  aberrations  in  the  focussed  laser  beam. 
Parameters  of  the  setup  as  the  angle  between  incident  and  reflected  laser  beam  at  the  adaptive  optics  have  been 
optimized  by  wave  optical  simulations  of  the  beam  propagation.  If  the  angle  is  too  wide,  astigmatism  distorts 
the  focus.  A  maximum  angle  of  36®  was  calculated  in  accordance  with  experimental  results.  Another  important 
parameter  is  the  laser  beam  diameter  on  the  adaptive  optics.  As  result  of  the  principle  of  the  deformation  of  the 
mirror  plate  only  the  central  part  of  the  mirror  surface  is  spherical.  A  Shack-Hartmann  sensor  was  used  for  the 
measurement  of  the  wavefront  of  a  HeNe  laser  beam  reflected  by  an  adaptive  optics.  By  wave  optical  simulations 
the  maximum  laser  beam  diameter  for  an  acceptable  distortion  of  the  reflected  laser  beam  was  calculated  as  12 
mm.  Nevertheless  larger  beam  diameters  are  possible:  experiments  in  laser  beam  welding  and  laser  beam  cutting 
of  mild  steel  DC04  showed  that  a  beam  diameter  of  up  to  17  mm  is  allowed  without  a  substantial  reduction  of 
the  processing  speed. 

A  new  processing  head  was  constructed  and  built  for  the  laser  machine  TLC105.  The  machine  consists  of  a 
rf-excited  5kW  C02-laser  and  a  five  axis  gantry  handling  system.  The  adaptive  optics  is  integrated  in  the  beam 
guiding  system  at  an  reflection  angle  of  36®  with  a  distance  of  200  mm  to  the  focussing  optics.  The  adaptive 
optics  can  be  combined  with  the  standard  focussing  heads  for  laser  beam  welding  and  laser  beam  cutting.  Fig. 
1  shows  an  fotograph  of  the  processing  head.  The  diagram  plots  the  characteristic  curve  of  the  focus  shift  as  a 
function  of  the  actuator  stroke  of  the  adaptive  optics.  With  a  focal  length  of  7.5”  a  focus  shift  in  the  range  of  24 
mm  is  possible. 

Laval  nozzles  have  been  proposed  for  laser  cutting  because  of  higher  possible  cutting  speeds  and  a  reduction  of 
dross.®’*^  If  used  at  design  pressure  a  Laval  nozzle  produces  a  supersonic  gas  flow  with  low  lateral  expansion  which 
is  able  to  transport  a  high  momentum  into  the  cut  kerf.  But  a  further  feature  of  this  nozzle  type  was  not  used 
before:  Laval  type  nozzles  produce  a  parallel  supersonic  gas  beam  over  a  working  distance  of  several  millimetres. 
The  combination  with  a  variable  focus  shift  using  adaptive  optics  makes  a  new  method  for  3D  laser  beam  cutting 
possible. 


adaptive  optics 

with  piezoelectric  actuator 


Figure  1:  Focussing  head  for  a  3D  system  with  integrated  adaptive  optics,  Laval  nozzle  and  height  sensor.  The 
diagram  shows  the  characteristic  curve  for  the  focus  shift  as  a  function  of  the  actuator  stroke. 
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Laval  nozzles  with  a  design  pressure  of  0.25  MPa  and  0.50  MPa  were  examined  in  combination  with  a  variable 
focus  position  by  using  the  working  head  shown  in  fig.  1.  The  investigation  of  the  gas  flow  characteristics  of  the 
nozzles  with  a  Schlieren  setup  showed  that  a  working  distance  of  up  to  15  mm  is  possible.  Mild  steel  DC04  with 
a  thickness  of  1  mm  was  cut  for  nozzle  distances  from  1  to  15  mm  with  a  laser  power  of  1.7  kW.  For  a  distance  of 
up  to  10  mm  between  nozzle  and  workpiece  a  dross  free  cut  at  9  m/min  could  be  obtained.  For  larger  distances 
from  10  to  15  mm  the  speed  had  to  be  reduced  to  6  m/min.  For  the  cutting  of  three-dimensional  workpieces  an 
inclination  between  the  working  head  and  the  normal  of  the  workpiece  is  often  necessary.  The  maxirhum  angle 
for  an  inclination  of  the  working  head  in  the  direction  of  the  cut  was  found  at  25^  for  nozzle  distances  of  up  to  15 
mm.  An  inclination  of  up  to  45®  against  the  direction  of  the  cut  is  possible.  The  same  results  could  be  obtained 
for  the  cutting  of  the  workpiece  with  a  linear  ramp  from  a  nozzle  distance  of  1  mm  to  a  distance  of  15  mm  and 
a  simultaneous  focus  shift  by  the  adaptive  optics. 


3.  ADVANCES  IN  3D-LASER  BEAM  CUTTING 


Laser  beam  cutting  with  conventional  system  technology  is  problematic  for  workpieces  as  shown  in  Fig,  2.  For 
cutting  a  contoured  workpiece  the  nozzle  cannot  follow  the  workpiece  in  the  crimps  because  of  danger  of  collision. 
Identical  problems  occur  for  the  cutting  of  an  inner  edge  of  workpieces  where  the  outer  edge  cannot  be  accessed. 
The  new  system  technology  with  adaptive  optics  and  Laval  nozzle  as  described  above  allows  a  new  method  for 
an  improved  workpiece  tracking.  The  machine  is  programmed  with  a  smoothed  path  for  the  nozzle  while  the 
focus  is  kept  on  the  surface  by  the  adaptive  optics.  The  constant  gas  flow  produced  by  the  Laval  nozzle  allows 
the  variation  of  the  distance  between  nozzle  and  workpiece.  Fig.  2  shows  the  beam  entrance  and  exit  side  of 


Principle:  cutting  of  a  contoured  workpiece 


^workpiece 


path  of  nozzle 

J' - - 

path  of  focus 


Principle:  cutting  of  an  inner  edge 


laval  nozzle  path  of  nozzle 
workpiece 

path  of  focus 


Figure  2:  Test  workpieces  showing  the  possibilities  of  laser  cutting  with  adaptive  optics  and  Laval  nozzles:  beam 
entrance  and  exit  side  of  the  laser  cut  of  a  contoured  workpiece  and  an  inner  edge. 
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two  workpieces.  The  contoured  workpiece  was  cut  with  a  laser  power  of  1.25  kW  at  a  speed  of  3  m/min.  The 
nozzle  distance  varied  between  1  and  9  mm,  the  angle  of  the  sides  is  30^.  The  inner  contour  of  a  90®  edge  was 
cut  with  a  laser  power  of  1.6  kW  at  a  speed  of  3  m/min.  In  the  edge  which  was  bend  with  a  radius  below  1  mm 
a  small  zone  of  heat  influence  can  be  observed  at  the  beam  exit  side.  For  larger  radii  starting  at  2  mm  a  cut  with 
constant  quality  can  be  achieved. 


4.  SUMMARY 


Combining  adaptive  optics  for  the  adjustment  of  the  focus  position  with  Laval  nozzles  which  produce  a  parallel 
gas  flow  leads  to  a  new  method  for  three  dimensional  laser  beam  cutting.  The  cut  quality  can  be  improved  for 
contoured  workpieces  and  for  inner  edges.  A  height  sensor  can  be  used  for  the  automatic  adjustment  of  the 
focus  position  resulting  in  a  system  which  can  be  programmed  very  easyly  because  the  required  accuracy  of  the 
distance  between  nozzle  and  workpiece  is  in  the  range  of  ±5  mm.  The  concept  can  easily  be  transferred  to  the 
laser  beam  welding  where  the  gas  flow  characteristics  are  easier.  The  laser  induced  plasma  requires  new  concepts 
for  a  distance  sensor  as  already  presented  with  the  same  laser  system.® 
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ABSTRACT 

CW  CO2  laser  cutting  of  plastics  is  studied  experimentally  and  theoretically.  Cutting  of  plates  of  PMMA,  teflon-PMMA- 
teflon  sandwich  structure,  and  Si-rubber  is  presented.  A  tlu’ee  dimensional  heat  transfer  model  of  laser  cutting  witli  a 
moving  Gaussian  heat  source  is  elaborated  and  applied  here.  The  model  is  based  on  the  energy  balance  for  a  given  small 
volume  in  the  material.  The  maximal  scanning  speed  as  a  function  of  the  incident  laser  power  and  the  material  tliickness  is 
investigated.  A  veiy  good  agreement  between  the  theoretical  and  experimental  data  is  observed. 

Keywords:  CO2  laser;  cutting;  plastics;  modeling;  technology. 


L  INTRODUCTION 

The  laser  material  processing  is  nowadays  a  problem  of  great  interest  from  the  view  points  of  its  experimental 
investigation  and  theoretical  simulations.  Laser  cutting  of  plastics  is  commonly  used  for  machining  of  complex  geometric 
form*’^,  combining  the  capabilities  of  automatic  process  control  and  CAD  programming.  Several  papers  concerning  CO2 
laser  cutting  are  published.^'^  In  tlieoretical  aspect  the  general  aim  is  to  describe  tlie  process  as  closer  to  reality  as  possible  in 
order  to  obtain  a  good  agreement  with  the  experiment.  Of  course,  tlie  full  physical  picture  is  rather  complicated  and  some 
simplifications  are  needed.  Most  of  tlie  works  solve  the  heat  conductivity  equation  for  a  stationary  or  a  moving  with  respect 
to  tlie  laser  beam  solid.  A  review  of  works  concerning  laser  technology  and  analysis  of  the  interaction  of  laser  radiation  witli 
materials  can  be  found  in  Ref  7.  The  fundamental  heat  and  hydrodynamic  processes  in  tlie  laser  material  processing  and 
electron  beam  treatment  are  given  in  Ref  8.  Some  methods  and  solutions  for  the  temperature  field  are  considered.  Another 
approach  to  tlie  problem  is  the  numerical  modeling.  A  number  of  authors  have  considered  models  of  the  laser  cutting 
process.  Modest  et  al.  have  studied  evaporative  cutting  of  solid  witli  a  moving  cw  laser  beam.^'^®  A  three-dimensional  quasi¬ 
steady  state  model  of  heat  transfer  is  developed  by  Mazumder  et  al." 

The  purpose  of  tlie  present  work  is  to  present  tlie  results  obtained  for  cw  CO2  laser  cutting  of  several  materials  as 
plexiglass  (PMMA),  teflon-PMMA-teflon  sandwich  structure,  and  Si-rubber  plates.  A  tliree-dimensional  model,  based  on 
tlie  energy  balance  is  elaborated  and  applied  here.  The  results  of  the  model  are  compared  to  the  experimental  data  for  the 
first  two  materials.  The  dependencies  of  the  maximal  cutting  speed  as  a  function  of  the  laser  power  and  the  material’s 
thickness  are  given. 


2.  PHYSICAL  AND  MATHEMATICAL  DEFINITION  OF  THE  PROBLEM 

We  consider  a  Gaussian  laser  beam,  striking  the  surface  of  a  substrate,  having  semi-infinite  tliickness  and  infinite 
length,  moving  in  the  positive  x-direction  with  a  uniform  velocity  u.  The  laser  power  Pi  is  absorbed  at  the  surface.  The 
material  properties  (tliermal  conductivity  coefficient  AT,  specific  heat  capacity  C,  mass  density  p)  we  assume  not  dependent 
on  the  temperature.  Once  the  material  reaches  tlie  temperature  Tr  (removal  temperature),  it  consumes  some  heat  (specific 
heat  of  removal).  The  evaporated  material  does  not  interact  with  the  incoming  laser  beam. 

The  derivative  of  full  energy  with  respect  to  time  in  a  control  volume  V  having  a  surface  area  S  results  from  a  transfer  of 
full  energy  of  tlie  entering  and  the  leaving  the  volume  mass,  internal  heat  sources  and  heat  conductivity:^^ 
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(1) 


where  e  is  the  internal  energy,  Qt  is  the  power  of  internal  energy  sources  and  q  is  tire  vector  of  the  heat  flow  density. 
Taking  into  account  tlie  mass  variation  equation  the  Eq.(l)  yields: 

— J pCTdV  +  j pCIu.dS  +  j q.dS  +  J  e{T,  -  T)pL„,dV  =  0 ,  (2) 

^  V  S  S  V 

where  sources  power,  6(x)  is  the  Heaviside’s  functW^,  and 

€=dCT.  The  last  term  on  the  left  hand  side  of  Eq.(2)  presents  the  heat  energy  loss  due  to  evaporation.  It  occurs  only  for  the 
upper  wall  of  the  volume  V.  The  heat  energy  flux  through  the  other  walls  may  be  written  as  follows: 


\^pCTdV  +  ^f.dS  =  0. 


In  Eq.(3)  /  =  pCTu  +  q  =  pCTu  -  KVT.  The  total  energy  absorbed  by  the  surface  is: 


2aPj 

fs  = 

TICO 


(x-utf  +/ 


where  (0  =  0, 


W+z 

lG)n^  /  X 


Here,  cdo  is  the  effective  radius  at  the  focal  plane,  W  is  the  distance  between  the  focal  plane  of  the  beam  and  the  material 
surface,  a  is  the  material  absorbtion  coefficient,  and  x,  y,  z  are  the  Cartesian  coordinates,  respectively.  The  boundary 
conditions  to  the  problem  are: 

x=x„i„ ,  y=y^a.  :  T=Ti„ ,  and  x=Xn,a,,y=y„i„,  z=z„,i„ :  —  =  0,  for  r.„  -  the  initial  temperature. 

ac 


3.  EXPERIMENTAL  SET  UP, 

The  laser  system  used  in  the  experiments  consisted  of  a  cw  120  W  TEMoo  mode  CO2  laser  (BLS  120C  - 
C.B.Lasertechnick  GmbH),  and  two  work  stations.  The  first  had  a  XYZ  table,  an  Anorad  Automatic  II  CNC  controller  with 
a  pulse  generator  unit.  The  17  mm  diameter  Gaussian  laser  beam  was  focused  using  a  127  mm  ZnSe  lens  on  the  upper 
surface  of  the  material.  The  nozzles  fitted  to  the  beam  delivery  system  had  exit  borers  of  (I)n=(1.2-1.8)  mm.  The  nozzle- 
workpiece  stand-off  distance  was  (0.4-0. 6)  mm.  Compressed  air  or  N2  were  assisted  during  the  cutting.  Some  cuttings 
(especially  teflon-PMMA-teflon  and  Si-rubber )  were  performed  by  Comp  II  controlled  galvanometer-based  optical  scanners 
-  tlie  second  work  station.  Here,  tlie  laser  beam  was  focused  by  a  ZnSe-planefield  lens  witli  focal  length  of  100  mm  and  no 
assisted  gas  was  applied. 

4,  RESULTS  AND  DISCUSSIONS 

Fig.  1  presents  tlie  experimentally  obtained  maximum  cutting  speed  as  a  fimction  of  thickness  of  the  PMMA  plates  at  3 
given  values  of  the  laser  power.  Here,  some  air  was  blowing  out  of  tlie  nozzle  only  to  protect  the  focusing  lens.  The  laser 
beam  was  focused  on  the  surface  of  the  work  piece. 

Important  input  parameters  to  the  model  providing  its  successful  application  are  the  material  properties.  They  are  taken 
or  estimated  by  the  description  given  in  Ref.  14.  The  relevant  material  properties  are  summarized  in  Table.  Of  course,  they 
should  not  be  considered  as  absolute,  because  usually  their  values  in  the  literature  are  available  in  an  interval.  The 
absorptivity  a  is  found  experimentally  to  be  0.92  for  PMMA  and  0.65  for  teflon,  respectively. 
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Table.  Values  of  the  material  properties  used  in  the  model 


The  model  developed  is  applied  to  investigate  the  laser  cutting  parameters  for  Plexiglas  and  sandwich  structure 
consisting  of  3  layers:  Teflon  -  Plexiglass  -  Teflon.  The  latter  has  fixed  thickness  of  500  pm  (20  pm  -460  pm  -20  pm, 
respectively).  The  scanning  speed  and  the  laser  power  are  varying  parameters  in  the  numerical  simulation. 

Fig.2  presents  the  results  obtained  for  laser  power  of  90  W  for  Plexiglass.  The  maximal  cutting  speed  is  plotted  as  a 
function  of  tlie  material  thickness.  Also,  the  experimental  data  are  given  for  comparison.  It  is  seen  that  the  experimental 
points  are  close  to  the  model’s  curve.  It  is  worth  noting  that  the  agreement  is  very  good  nevertheless  an  assistant  gas  is  not 
taken  into  account.  Its  role,  however,  is  included  indirectly.  We  assume  that  once  tlie  removal  temperature  in  an  elementary 
volume  is  reached,  the  volume  is  evaporated  and  it  is  not  considered  in  tlie  further  calculation. 


02468  10  02468  10 

d,  mm  d,  mm 

Fig.l  The  dependence  of  the  experimantally  obtained  maximum  cutting  Fig.2  The  maximum  cutting  speed  versus  the  material  thickness 

speed  on  the  material  thickness  for  PMMA  at  different  values  of  for  PMMA.  P^=  90  W.  Black  circles  -  experimental  data;  solid 

CC^  laser  power:A  -  120  W;#  -  P^,-  90  W;  ■  -  P|.  =  60  W.  line  -  modelling  curve;  dashed  line  -  forecasting  function. 

It  is  interesting  to  expand  the  comparison  by  adding  the  standard  processing  curve,  described  by  the  simple  equation^ 

^  =  PlQ^~\  (5) 

where  u  is  the  maximal  cutting  speed  (m/min),  Pi  is  the  laser  power  (W),  d  is  the  material  thickness  (mm),  and  Q  and  B  are 
experimentally  derived  constants,  which  depend  on  the  laser-focusing  optics  combination  and  the  material,  respectively. 
Experimental  work^^  shows  that  tlie  value  of  ^  can  be  taken  as  1.35  over  a  wide  range  of  polymers.  The  average  value  of  Q 
found  by  our  experiment  is  estimated  to  be  0.0995.  The  forecasting  function  u=^u(d)  is  presented  by  a  dashed  curve  on  the 
Fig.2.  This  curve  should  not  be  accepted  as  absolute  true,  but  it  gives  a  kind  of  information  about  the  model’s  reliability. 

The  results  obtained  for  the  sandwich  structure  mentioned  above  are  shown  on  Fig.  3.  Here,  the  tliickness  is  constant  and 
the  laser  power  is  a  varying  parameter.  The  maximum  scanning  speed  reached  as  a  function  of  the  laser  power  is 
investigated.  The  results  demonstrate  a  linear  behavior  of  this  function  which  agrees  with  tlie  empirical  relation  (5).  It  is 
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seen  also,  tliat  the  model’s  curve  fits  well  the  experimental  data  pointed  on  the  graph. 

Very  delicate  and  precise  gaskets  are  cut  with  high  quality  from  Si-rubber.  For  thickness  of  0.51  mm  and  0.35  mm  the 
best  quality  was  achieved  at  the  following  cutting  parameters:  Pl=17  W  at  u=30  mm/s,  and  Pl=85  W  at  u=160  mm/s, 
respectively.  No  gas  was  assisted. 


Pl,w 

Fig.3  The  dependence  of  maximum  cutting  speed  on  the  laser 
power  for  teflon-PMMA-teflon  sandwich  structure.  Circles  - 
experimental  data;  solid  line  -  modeling  curve. 


5.  CONCLUSIONS 

The  tluee-dimensional  model  of  the  laser  cutting  process 
presented  in  this  work  could  be  used  to  predict  maximum 
cutting  speeds  and  thickness  achieved  for  a  given  scanning 
speed.  Also,  tlie  groove  shape,  the  temperature  distribution 
around  the  evaporated  zone  are  available  as  output  results. 
The  effect  of  absorption,  thermal  conductivity  or  other 
parameters  could  be  investigated,  too. 

Applied  to  polymers  tlie  model  for  laser  cutting  shows  a 
very  good  agreement  with  experimental  data.  It  is  possible 
from  the  model  to  obtain  the  conditions  such  as  the 
maximum  cutting  speed  as  a  function  of  substrate  thickness, 
or  laser  power  and  to  use  them  as  processing  characteristics. 
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A  semi  quantitative  approach  to  the  effect  of  anodized  layer  thickness  on  laser  cutting  of  an  aluminium  alloy 
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ABSTRACT 

Experimental  laser  cutting  work  has  been  performed  on  a  commonly  used  sheet  aluminium  alloy  to  establish  an 
approximate  relationship  between  maximum  laser  cutting  speed  and  the  thickness  of  an  anodized  layer  on  the  surface  of  the 
material.  Results  show  a  very  significant  increase  in  maximum  speed,  which  is  maintained  even  with  increasing  thickness 
of  the  anodized  layer  well  beyond  that  at  which  maximum  beam  absorption  is  thought  to  occur. 

Keywords:  laser  cutting,  aluminium  alloys,  anodized  layer,  optimum  cutting  speed,  cut  quality. 

1.  INTRODUCTION 

An  increase  in  usage  of  aluminium  in  road  transport  and  other  areas,  combined  with  recent  advances  in  high  power 
industrial  lasers  and  laser  processing  has  increased  interest  in  laser  processing  of  aluminium  and  its  alloys.  Various  authors 
have  identified  the  problems  involved  with  laser  processing  of  aluminium  and  its  alloys,  and  useful  information  has  been 
generated^’^.  This  has  highlighted  the  importance  of  surface  finish  to  both  laser  cutting  and  welding  processes,  more 
specifically,  the  effect  of  surface  oxides'*.  There  are  a  wide  variety  of  surface  finishes  available  for  aluminium  and  its  alloys 
and  in  the  case  of  anodizing,  various  depths  of  treatment  are  used  commercially  to  achieve  a  variety  of  surface  properties 
and  effects,  both  functional  and  aesthetic.  A  conventional  CO2  gas  laser  has  therefore  been  used  to  cut  6016  aluminium 
alloy  sheet,  which  has  been  anodized  to  produce  a  range  of  oxide  thickness.  Maximum  cut  speeds  for  a  particular  set  of 
laser  parameters  have  been  determined  fi-om  a  number  of  straightforward  readily  available  techniques  for  measuring  cut 
quality. 


2.  STRUCTURE  AND  PROPERTIES  OF  ALUMINIUM  SURFACES 

A  layer  of  aluminium  oxide  (AI2O3)  forms  rapidly  on  any  aluminium  surface  in  the  atmosphere.  This  layer  is  both  adherent 
and  relatively  impervious,  so  that  once  formed,  it  protects  the  underlying  metal  from  further  oxidation®.  Under  normal 
atmospheric  conditions  the  natural  oxide  layer  remains  rather  thin,  less  than  100  A  or  10  nm  (typically  around  40  A)  and  if 
damaged,  immediately  re-forms®.  The  high  resistance  of  aluminium  and  its  alloys  to  corrosion  is  due  to  the  presence  of 
these  dense,  adherent  films.  These  films  provide  excellent  protection  to  pure  aluminium  but  are  less  protective  on  many 
strong  alloys  which  have  a  high  alloy  content.  During  prolonged  exposure  the  film  thickens  and  becomes  rough,  the 
aluminium  losing  its  characteristic  appearance  and  assuming  a  dull  grey  finish.  The  thickness  of  the  surface  layer  depends 
strongly  on  the  sample  structure  and  history,  and  the  process  of  anodizing  is  simply  a  method  of  artificially  increasing  the 
thickness  of  this  oxide  layer  by  chemical  means.  The  porous  outer  layer  of  the  surface  is  typically  a  few  microns  thick,  but 
for  certain  external  applications  can  be  up  to  20|im  or  above.  It  is  composed  of  a  cellular  like  structure  which  increases  the 
effective  surface  area  enormously  and  can  be  considered  a  very  rough  surface.  The  important  properties  in  this  context 
include  reflectivity,  image  clarity  and  refi'active  index.  Reflectivity,  (or  its  complement,  absorptivity,)  being  by  far  the  most 
important,  as  this  property  largely  determines  the  initial  reaction  of  the  material  surface  to  the  beam.  Various  authors’  have 
calculated  theoretical  values  from  basic  principles  for  reflectivity,  refi'active  index  and  extinction  coefficient  for  10-6  pm 
laser  light,  for  optical  quality  aluminium  surfaces.  All  determine  a  figure  of  close  to  100%  at  room  temperature 

3.  REAL  ALUMINIUM  SURFACES 

Touloukian®  has  looked  at  rough  impure  samples,  and  the  data,  though  sparse,  does  indicate  that  at  10  6  pm 
wavelength,  absorptivities  (at  Rt)  of  anything  up  to  30%  are  possible.  The  absorptivity  of  the  oxide  however  is  likely  to  be 
very  different  to  that  of  the  base  metal,  and  despite  the  difficulty  of  experimental  determination  of  reflectivity,  Arata®  has 
shown  that  the  thicker  oxide  layers  absorb  almost  100%  of  a  10.6pm  wavelength  beam.  It  is  widely  accepted  that 
reflectivity  of  the  base  metal  drops  dramatically,  even  in  the  case  of  10.6pm  if  melting  or  evaporation  of  the  target  occurs. 
It  should  also  be  noted  that  not  only  do  the  optical  properties  change  but  the  thermal  properties  of  target  materials  also 
change  with  temperature.  In  the  case  of  anodized  aluminium,  the  situation  is  further  complicated  by  the  fact  that  the 
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thermal  diffiisivity  of  the  high  melting  point  AI2O3  surface  layer  is  an  order  of  magnitude  less  than  that  of  the  base  metal^°. 
Arata^  has  also  shown  that  an  increase  in  surface  roughness  can  cause  a  reduction  in  reflectivity,  although  most  real 
engineering  surfaces  are  already  macroscopically  rough  when  compared  to  optical  surfaces  and  this  effect  has  been 
demonstrated  especially  if  the  surface  roughness  is  greater  than  Va  X  certainly  true  for  most  engineering  finishes. 


4.  FACTORS  AFFECTING  CUT  SPEED 


Along  with  aluminium,  other  non-ferrous  metals  such  as  copper,  combine  high  reflectivity  with  a  high  thermal 
conductivity  and  diffusivity.  Laser  cutting  of  aluminium  has  been  considered  difficult  because  of  the  combination  of  the 
high  thermal  reflectivity,  high  conductivity  and  diffusivity,  of  all  aluminium  base  materials. 

Thermal  diffusivity,  k,  is  defined  as; 


(1) 


where  K,  Cp  and  p  are  thermal  conductivity,  specific  heat  capacity  and  density  of  the  material  respectively.  This 


term,  k,  represents  the  rate  at  which  thermal  energy  diffuses  through  the  material  when  a  temperature  gradient  exists,  and 
is  therefore  relevant  in  transient  heat  flow  situations.  In  common  with  thermal  conductivity,  it  also  has  a  marked 


temperature  dependence.  It  is  important  to  note  that  typical  figures  for  aluminium  are  97  xlO  ®  mV\  almost  as  high  as  that 
of  copper,  but  a  factor  of  7  greater  than  mild  steel,  and  a  factor  of  22  greater  than  stainless  steef  Hence  the  considerable 
heat  loss  firom  the  cut  zone,  particularly  at  the  low  cut  speeds  and  high  specific  heat  inputs  associated  with  low  average 


powers. 

However,  a  review  of  recent  literature  and  practical  experience  with  laser  cutting  of  aluminium  and  its  alloys  has 
shown  that  there  are  three  main  process  variables  which  determine  the  maximum  laser  cutting  speed  for  a  given  laser 
power  and  set  up.  It  has  been  shown  that  both  the  type  of  assist  gas^^  and  the  composition  of  the  alloy,  in  particular,  the 
magnesium  content^^,  and  the  presence  of  an  oxide  layer  can  produce  an  increase  in  cut  speed.  The  best  estimate"^  is  a  cut 
speed  increase  of  up  to  30%,  attributed  to  the  presence  of  anodised  surfaces.  Of  these  three  variables,  it  is  the  surface 
condition  which  is  the  least  understood  from  both  a  practical  and  an  analytical  viewpoint,  hence  the  requirement  for  this 
current  work. 


4.1  Purpose  of  current  work 

There  is  evidence  therefore  that  the  actual  reflectivity  of  anodised  engineering  aluminium  surfaces  to  10.6|im 
radiation  is  controlled  by  the  characteristics  of  the  anodised  film  and  is  far  lower  than  might  be  expected  from  results 
concerned  with  high  quality  optical  surfaces,  especially  if  the  thickness  of  the  anodised  layer  is  greater  than  5|im.  It  has 
also  been  noted"^  that  the  presence  of  an  anodised  layer  has  other  beneficial  effects,  the  material  is  easier  to  pierce  by  laser 
and  the  cutting  process  window  is  wider.  This  work  therefore  attempts  experimentally  to  improve  understanding  by 
assessing  the  contribution  made  by  the  oxide  layer  thickness  to  cut  speed. 


5.  EXPERIMENTAL  TECHNIQUE. 

A  single  sheet  of  1.2  mm  thick  AlMgSi,  (designated  6016)  aluminium  alloy^^  was  used  throughout.  It  is  widely 
used  commercially  and  is  known  as  Anticorodal-120  ®.  It  has  a  magnesium  content  of  0.25-0.6  wt  %^^.  The  initial  surface 
finish  of  each  sample  was  a  conventional  mill  finish.  Samples  were  then  treated  as  follows; 

Batch  1:  NaOH  alkaline  etch  /  clean,  assumed  zero  oxide  layer. 

Batch  2:  Degreased  only,  standard  mill  finish,  normal  oxide  layer  only. 

Batches  3  -  7:  Sulphuric  acid  anodised  for  increasing  times  to  give  increasing  anodised  layer  thickness. 
Bath  conditions  were  carefully  controlled  so  that  although  the  anodised  layer  is  rather  thicker  than  would  normally  be 
produced  commercially,  a  consistent  structure  was  produced  up  to  the  maximum  thickness  of  35  pm,  table  1,  each 
thickness  being  measured  optically. 

These  sheets  were  then  laser  cut  using  a  Photon  Sources  VFA  1200  CO2  Fast  Axial  Flow  (FAF)  laser  at  1  kW 
average  power  output,  as  measured  at  the  workpiece.  Beam  mode  was  approaching  TEM  00.  Despite  a  circular  polariser 
being  used  to  reduce  directional  effects,  the  further  precaution  of  making  all  cuts  along  the  rolling  direction  of  the  sheet 
was  employed.  A  127  mm  focal  length  ZnSe  lens  was  used  with  a  conventional  machining  head  employing  nitrogen  as  an 
inert  assist  gas.  Other  processing  precautions  taken  prior  to  each  processing  session  were;  a  standard  warm  up  period. 
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flushing  of  the  machining  h  ad  and  delivery  pipes  with  gas  and  regular  checks  on  power  output.  Samples  were  cooled  to 
room  temperature  between  cuts. 

Ranging  trials  on  gas  pressures  and  power  settings  considered  appropriate  for  this  thickness  of  material  produced 
approxim  uely  optimised  cuts  at  2  bar  gas  pressure  and  1  kW  average  power  at  the  workpiece.  These  speeds  were  close  to 
those  given  in  the  literature  under  similar  conditions.  A  maximum  cut  speed  was  determined  for  a  control  sample  of  the 
standard  mill  finished  6016.  Cut  speeds  for  the  treated  panels  were  then  determined  by  increasing  or  decreasing  cut  speed 
in  increments  of  5  mms'^  for  each  sample  to  cover  a  wide  range  of  cut  speeds.  Maximum  cut  speed  was  taken  to  be  the 
speed  close  to  the  point  of  cut  failure,  but  giving  the  optimum  cut  quality.  The  cut  quality  criteria  measured  for  each  cut 
were:  upper  and  lower  kerf  width,  cut  surface  roughness  and  Heat  Affected  Zone  (HAZ)  depth  and  area. 

6.  RESULTS 


Optimum  cut  speed  was  determined  fi'om  cut 
quality.  This  was  decided  on  the  basis  of  minimum  kerf 
width  and  minimum  HAZ,  and  minimum  cut  surface 
roughness,  all  easily  measured.  The  optimum  cut  speed 
for  each  surface  treatment  is  given  below: 

SEM  (Scanning  Electron  Microscope)  observation 
showed  that  at  the  same  non  optimised  low  cut  speeds, 
the  surface  roughness  was  noticeably  increased  and  the 
surfaces  which  were  produced  from  the  sheets  with  the 
thicker  anodised  layers.  Surface  roughness  measurements 
confirmed  these  observations  (Fig.  1). 


Table  1.  Cut  speed  v  oxide  layer  thickness 
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Figure  1.  Effect  of  oxide  thickness  on  cut  surface  roughness 
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1.  DISCUSSION 

Firstly,  there  is  a  reduction  in  cut  speed  caused  by  removal  of  the  natural  oxide  coating.  Secondly,  it  is  clear  that  a 
thin  anodised  layer  of  3  |Lun  is  enough  to  increase  cut  speed  dramatically.  This  may  well  be  significant  for  many  of  the 
newer  surface  treatments  for  aluminium  alloys.  Results  for  the  thicker  anodised  layers  also  show  a  significant  increase  in 
cut  speed  associated  with  the  increase  in  the  oxide  layer  thickness.  Aside  from  a  number  of  possible  second  order  effects, 
such  as  the  effect  of  temperature  on  the  diffusivity  of  the  oxide  layer  itself,  these  results  support  the  conclusions  in  ^  that 
there  is  significant  absorptivity  increase  produced  by  the  increase  in  thickness  of  the  anodized  layer  and  that  this  increase 
in  absorptivity  leads  to  significant  increases  in  laser  cutting  speeds.  As  most  commercial  anodized  layers  are  typically  in 
excess  of  a  few  microns  thick,  these  increases  might  be  expected  for  most  anodized  aluminium  surfaces.  There  is  no  firm 
evidence  here  to  explain  the  continuing  significant  increase  in  cut  speed  with  increase  in  anodised  layer  thickness. 

At  identical,  but  slow  cut  speeds,  the  higher  absorptivity  associated  with  the  thicker  anodised  layer  does  not 
improve  cut  surface  quality,  in  fact  the  reverse  occurs,  as  corroborated  by  optical  and  Scanning  Electron  Microscope 
observations.  These  results  therefore  tend  to  support  the  proposition  that  AI2O3  is  being  incorporated  in  the  cut  zone  hence 
increasing  cut  surface  roughness.  It  is  hoped  that  further  work  using  various  assist  gases  might  help  to  understand  this 
effect  better. 


8.  CONCLUSIONS 

In  the  case  of  inert  gas  CO2  laser  cutting  of  aluminium,  enhancing  the  thickness  of  the  oxide  layer  on  the  surface 

of  the  aluminium  produces  very  significant  increases  in  maximum  laser  cutting  speeds,  for  a  given  cut  quality.  It  is  safe  to 

assume  that  the  increase  in  cut  speed  is  associated  with  enhanced  absorption  in  the  surface  layer  of  oxide. 

Although  the  maximum  cut  speed  at  which  the  best  cut  quality  is  produced  is  increased  by  a  thickening  of  the 

anodized  layer,  a  thickening  of  the  anodized  layer  alone  does  not  improve  cut  quality. 
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ABSTRACT 

This  paper  discusses  the  use  of  high-power  lasers  to  remotely  process  material  for  decommissioning  and  dismantlement  of 
nuclear  facilities.  Process  requirements  are  established  and  suitable  laser  systems  are  compared.  The  Chemical  Oxygen-Iodine 
Laser  was  identified  as  the  leading  candidate  for  long  term  dismantlement  activities  because  it  offers  a  high-power,  high¬ 
brightness  beam  that  can  be  remotely  delivered  into  radiation  containment  by  optical  fibers. 

Key  Words:  Iodine  laser,  COIL,  decontamination  and  decommissioning,  D&D,  laser  cuting,  nuclear  facilities 

1.  INTRODUCTION 

A  large  number  of  nuclear  material  processing  facilities  and  reactors  around  the  world  are  scheduled  for  shutdown, 
decontamination  and  decommissioning  (D&D)  within  the  next  30  years  [1].  Lasers  have  been  previously  identified  as  a 
potentially  suitable  tool  for  D&D  processes  such  as  cutting,  welding,  surface  decontamination,  and  contamination 
diagnostics.  The  advantages  of  using  lasers  are  fast  processing  speed,  reduced  secondary  waste,  and  easy  integration  into 
robotics  systems  for  remote  operation.  In  the  past,  the  lack  of  high-power  lasers  with  suitable  beam  delivery  schemes 
confined  the  laser  assisted  D&D  only  to  laboratory  experiments.  The  recent  commercial  availability  of  multi-kW  fiber- 
delivered  Nd:  YAG  lasers  [2]  provides  an  opportunity  for  immediate,  if  limited,  deployment  in  D&D.  Emergence  of  the  high- 
power,  high-brightness  industrial  COIL  [3]  promises  a  long  term  D&D  solution  by  providing  sufficient  power  to  cut  through 
very  thick  components  at  economicaly  advantageous  rates.  System  studies  at  Rocketdyne  and  initial  testing  performed  at  the 
U.S.  Air  Force  Phillips  Laboratory  indicate  that  COIL  can  provide  significant  benefits  to  D&D. 

2.  NEED  FOR  NEW  TECHNOLOGIES  FOR  REMOTE  D&D  OF  NUCLEAR  FACILITIES 

The  U.S.  Department  of  Energy  (DOE)  weapons  complex  encompasses  hundreds  of  aging  nuclear  material  processing 
facilities  and  reactors  that  are  now  being  shut  down  and  which  require  dismantlement  [1].  Commercial  nuclear  reactors  within 
the  U.S.  ar  i  around  the  world  further  extend  the  need  for  suitable  D&D  technologies  [4],  Figure  1.  All  of  these  facilites 
contain  large  inventories  of  complex  and  massive  nuclear  material  processing  equipment,  reactors,  hot  cells,  and  structures. 
Figure  2.  The  D&D  task  is  made  difficult  by  limited  access  into  highly  contaminated  areas  and  requires  techniques  which  can 
be  applied  remotely. 

The  criticality  of  suitable  D&D  technologies  is  accentuated  by  the  need  for  regulatory  compliance  and  economic 
considerations.  For  example,  the  Environmental  Protection  Agency's  "Debris  Ruling"  of  August  1992  [5]  requires  that 
components  with  complex  geometries  and  enclosed  volumes  be  cut  open  for  decontamination  and  inspection  prior  to  disposal. 
Also,  the  volume-dependent  cost  of  radioactive  waste  disposal  dictates  that  contaminated  material  be  cut-up  before  burial  [6]. 
Thus,  cutting  technologies  play  a  key  role  in  the  economics  and  scheduling  of  the  D&D  process. 

The  present  technologies  for  dismantlement  of  nuclear  equipment  (e.g.,  band  saws,  plasma  arc  torches,  oxy-acetylene  torches, 
grinders,  shears,  water  jets,  etc.)  are  generally  labor-intensive,  slow,  costly,  require  manual  operation/intervention,  subject 
workers  to  the  risk  of  exposure  to  chemical,  physical,  and  radiological  hazards,  and  often  contaminate  the  material  being 
dismantled  or  generate  secondary  wastes  [7].  The  nature  and  magnitude  of  the  facility  D&D  problems  require  the  development 
of  advanced  cutting  and  other  material  processing  technologies.  Specific  requirements  include  capability  for  remote 
application,  improved  economy  and  safety,  and  compatibility  with  standard  D&D  robots,  manipulators  and  procedures. 

3.  LASER  ASSISTED  D&D 

Studies,  experiments,  and  demonstrations  performed  in  the  U.S.  [8,9,10,11],  Japan  [12],  and  the  European  Community 
[13,14]  indicate  that  lasers  offer  several  distinct  benefits,  including  high  speed,  low  production  of  secondary  waste,  capability 
of  increased  tool-to-workpiece  (stand-off)  distance,  and  capacity  to  handle  complex  components.  Figure  3.  The  usefulness  of 
lasers  to  D&D  is  not  limited  to  cutting.  Lasers  are  also  effective  for  welding  closure  of  hazardous  waste  containers,  surface 
decontamination  by  ablation  [15,16],  and  contamination  diagnostics  by  plasma  spectroscopy  [17,18].  In  each  case  a  high 
power  laser  beam  has  to  be  delivered  into  a  radiation  containment  area.  There  are  also  strong  prospects  for  combining  many 
of  these  functions  into  one  system,  thereby  creating  a  multiple  purpose  tool.  Figure  4. 

Many  of  D&D  operations  involve  in-situ  demolition  of  contaminated  facilities  and  equipment.  Laser  power  can  be  generated 
by  a  source  outside  the  radiation  containment  and  remotely  delivered  into  the  contaminated  zone.  This  process  requires  an 
easy-to-reconfigure  beam  delivery  system  to  allow  movement  and  relocation  of  the  D&D  robots.  Such  requirement  renders 
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hard-optics  (mirror  train)  delivery  schemes  impractical  and  the  optical  fiber  remains  as  the  only  realistic  choice.  Suitable 
fibers  are  commercially  available  in  lengths  of  up  to  150  meters  and  are  relatively  inexpensive  [19], 

The  unique  capability  of  laser  cutting  for  nuclear  D&D  is  best  illustrated  in  recent  experiments  conducted  by  the  Nuclear 
Power  Engineering  Corporation  (NUPEC)  of  Japan  [12].  A  20-kW  carbon  monoxide  (CO)  laser  was  used  to  cut  in  a  single 
sweep  through  stainless  steel  reactor  components  up  to  12"  thick  in  air,  Figure  5,  and  2"  thick  under  water.  The  same  laser 
was  also  used  to  perform  a  simple-sweep  cut  through  a  15"  thick  array  of  10  rows  of  1"  diameter  stainless-steel  tubes,  and  a 
simple-sweep  to  cut-off  a  4"  diameter  tube  [20]. 

The  advantages  of  using  lasers  for  D&D  cutting  include  easy  integration  into  robotics  for  remote  operation,  fast  processing 
speed,  prospects  for  multipurpose  tools,  capability  of  cutting  complex  shapes  in  simple-sweep  motion,  low  secondary  waste, 
and  a  non-contact  and  non-wear  cutting  head  that  requires  only  minimum  maintanance.  Laser  cutting  overcomes  many  of  the 
limitations  of  plasma  torches  and  mechanical  saws.  A  suitable  D&D  laser  material  processing  system  should  have  about  20 
of  kW  of  laser  power  for  fast  processing  and  thick  section  cutting,  good  beam  quality  for  long  standoff,  higher  intensity  for 
ablative  material  removal,  and  practical  means  for  beam  delivery  into  radiological  containment  areas. 

4.  Nd:YAG  AND  COIL  LASERS  FOR  D&D 

This  investigation  considered  four  high-power  industrial  lasers:  C02,  Nd:YAG,  CO  and  COIL.  The  table  in  Figure  6 
compares  the  suitability  of  each  of  these  lasers  for  specific  D&D  tasks.  Only  the  first  two  lasers  listed  are  commercially 
available.  All  but  the  Nd:YAG  have  demonstrated  power  capability  over  20  kW,  while  only  Nd:YAG  and  COIL  are 
compatible  with  optical  fibers  for  beam  delivery.  This  suggests  that  1)  the  Nd:YAG  laser  is  suitable  for  immediate  but 
tighter  duty  deployment  and  2)  COIL  is  the  leading  candidate  for  future  deployment  in  heavy-duty  tasks  benefiting  from  20 
kW  of  beam  power  delivered  by  optical  fiber. 

Recent  study  [21]  conducted  by  Rocketdyne  for  the  DOE  shows  that  Nd:YAG  lasers  can  fulfill  many  D&D  needs  and 
economically  justify  their  deployment  in  small  scale  operations.  Typical  laser  systems  for  D&D  materials  processing  consists 
of  a  laser  source  (with  its  associated  power  supply  and  chiller),  fiber  optics  for  beam  delivery,  a  beam  focusing  head,  gas 
assist  system,  and  a  conventional  remote  manipulator  or  robot.  Figure  7  shows  a  setup  planned  by  Rockwell/ETEC  for  a 
laser  D&D  experiment  at  the  DOE's  Hanford  nuclear  site  in  Washington  State.  The  laser  source  is  located  in  a  non-hazardous 
environment  where  it  is  protected  from  radiation  and  is  accessible  for  maintanance.  The  fiber  optics  and  the  focusing  head  are 
relatively  inexpensive  and  robust,  and  can  be  remotely  replaced  with  minimum  downtime. 

Reference  [3]  shows  that  COIL  is  an  emerging  high-power  industrial  laser  which  has  an  unique  capability  of  simultaneously 
producing  high  quality  beams  at  high  power  (39  kW  was  demonstrated  [22])  that  can  be  delivered  through  optical  fibers  (1  kW 
transmission  was  demonstrated  [23]  and  over  25  kW  is  projected  [24]).  Other  advantages  of  COIL  include  short  wavelength, 
which  is  less  succeptible  to  plasma  absorption,  capability  to  cut  with  a  small  kerf  which  minimizes  secondary  waste,  and 
prospects  for  ablative  cutting.  In  particular,  high-intensity  (on  the  order  of  10^  W/cm^)  COIL  beam  can  cut  components  of 
greater  thickness  at  higher  speed  and  larger  stand-off  distances. 

COIL  appears  uniquely  suited  for  D&D  applications  for  which  there  are  no  attractive  alternatives,  such  as  in-situ  reduction  of 
difficult-to-access  structures  and  components  with  large  wall  thicknesses  and  complex  geometries.  For  these  reasons  COIL 
investigations  for  D&D  applications  were  conducted  at  Rocketdyne  [21]  and  Kawasaki  [25,  26,  27].  The  Rocketdyne  study 
baselined  a  D&D  COIL  system  along  the  lines  of  the  20  kW  industrial  COIL  described  in  reference  [3].  A  general 
configuration  of  the  system  is  shown  in  Figure  8.  The  system  is  entirely  portable  and  configured  on  three  trailers.  The  first 
trailer  contains  the  laser  device,  another  holds  the  laser  fuel  regenerator,  and  the  third  houses  the  process  control  center. 

5.  LASER  CUTTING  EXPERIMENTS 

The  greatest  challenge  in  D&D  laser  cutting  is  to  maintain  reasonable  rates  while  the  distance  beween  the  head  and  the 
workpiece  varies.  In  production  cutting,  the  cutting  head  is  held  closely  to  the  workpiece  to  optimize  coupling  of  the  assist 
gas  jet  and  to  produce  a  quality  cut.  In  D&D  cutting  maintaining  close  proximity  of  the  head  and  the  workpiece  often 
impractical  (and  sometimes  impossible).  The  resulting  uneven  cut  is  of  little  concern  since  D&D  cutting  is  of  the  demolition 
type  and  the  quality  of  the  edges  is  essentially  irrelevant.  However,  it  is  desirable  to  keep  the  slag  at  minimum. 

The  simple-sweep  cutting  capability  of  a  Nd:YAG  laser  was  evaluated  by  Rocketdyne  with  the  Hobart  3000  laser,  which 
delivered  3  kW  of  power  through  a  20-meters-long  optical  fiber  [28].  The  cutting  head  used  a  special  coaxial  assist-gas  nozzle 
integrated  with  a  standard  Hobart  f/3  optics.  Test  articles  were  components  representative  of  the  PUREX  plutonium 
processing  system  at  the  Hanford  nuclear  facility  and  scheduled  for  D&D.  The  overall  test  setup  was  similar  to  that  in  Figure 
7.  Specific  results  include  single-sweep  cuts  through  3"0  stainless  steel  tubes,  2"  carbon  steel  angle  irons,  and  a  variety  of 
other  shapes.  Figure  9.  COIL  capability  to  cut  through  thick  slabs  of  steel  has  been  established  in  separate  experiments  at 
the  U.S.  Air  Force  Phillips  Laboratory  [24].  Tests  to  cut  shapes  representative  of  components  at  nuclear  installations  were 
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conducted.  Specific  resuits  include  cutting  of  2'‘0  tube  and  array  of  O.5"0  tubes  in  the  simple-sweep  manner,  and  cutting  of  a 
1"  thick  plate.  Figure  10. 


6.  CONCLUSION 

The  advantages  of  using  high  power  lasers  for  D&D  of  nuclear  installations  were  discussed  and  requirements  for  prospective 
laser  systems  established.  The  importance  of  beam  delivery  through  optical  fibers  was  empasized.  Trade  studies  indicated  that 
Nd:YAG  laser  is  suitable  for  immediate  deployment  in  lighter-duty  D&D  activities  whereas  a  high-power  COIL  is  suitable  for 
future  heavy-duty  work.  Experimental  results  show  that  both  lasers  can  perform  simple-sweep  cutting  of  representative 
materials  and  complex  shapes. 
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Benefits  of  laser  cutting  to 
D&D 

Rationale  and  Comments 

1.  Fast  cutting  speed  saves  time 
and  reduces  cost  of  operation 

Laser  light  can  be  focused  to  produce  power 
densities  orders  of  magnitude  higher  than 
standard  thermal  cutting  techniques  such  as 
torches 

2.  Reduced  secondary  waste 

Cutting  with  a  focused  laser  beam  produces 
smaller  kerf  than  with  conventional  cutting 
techniques  such  as  torches 

3.  Easy  integration  Into  remote 
manipulators  and  robotics 

The  end-effector  Is  compact,  light-weight,  and 
produces  no  reaction  force  during  operation. 

Light  robots  can  be  used. 

4.  Can  easiiy  handle  complex 
workpiece  contours 

Stand-off  distance  between  the  end-effector  and 
the  workpiece  together  with  a  long  depth  of  focus 
eliminate  the  need  to  follow  complex  surface 
contours  for  linear  cuts 

5.  Reduced  downtime  due  to  end- 
effector  maintanance 

No  wear  end-effector  requires  virtually  zero 
maintanance 

6.  Can  be  configured  Into  a  multi- 1 
purpose  tool 

The  same  system  could  be  used  for  demolition 
cutting,  welding,  ablative  cleaning,  and 
diaanostics 

7.  Improved  operational  safety 

Muti-purpose  system  which  does  not  require 
change  of  end-effector 

Figure  3:  Benefits  of  laser  material  processing  to  D&D  Figure  4:  Multi-purpose  laser  engine  for  D&D  applications 
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